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PREFACE
This thesis deals with two completely separate 
topics. The first section is concerned with the 
performance and interpretation of two double scattering 
experiments, v/hile the second describes an experimental
n
study of the Li (y,p) activation curve.
The investigation of polarization in (d,p) 
reactions at low energies v/as suggested by Dr.
P.B. Treacy and carried out by us jointly including 
design of apparatus, taking of data and analysis of 
results. The analysis presented here is my own and 
differs in detail from that published by us earlier.
The experiments of chapter four followed naturally 
from the polarization experiments. The results were 
taken largely by Mr. G.D. Symons and myself. It was 
found that the analysis of the data in terms of the 
interference of coulomb and resonance scattering 
required the adaptation of an existing formulation of 
polarization theory. This was carried through by 
myself.
The work described in section two was suggested
by Professor Titterton. It v/as performed jointly at all 
stages by Mr. T.R. Sherwood and myself, except that the
(ii)
programming of an I.B.M. 610 computer for the least 
squares fits was entirely the work of Mr. Sherwood.
I alone am responsible for the discussion.
My best thanks are due to Peter Treacy whose 
help, advice and encouragement at all stages of 
this work have been invaluable. I am grateful to 
Dr. F.C. Barker who gave willing and sure assistance 
whenever called upon, and to Ray Sherwood for his 
continued insistence that things be done properly.
Professor Titterton’s interest and encouragement, 
particularly during the final stages of this work, 
are greatly appreciated.
Some of the work described here was reported in 
the following publication:
12 13Polarization of Protons from Low Resonances in C(d,p) 'o. 
Proc. Phys. Soc. 127,499 (1961) - 
The remainder is to be submitted for publication under 
the titles:
Spin Alignments of Deuterons Elastically Scattered
12from C (Proc. Phys. Soc.) 
and
The Li'(T,p)He^ Activation Curve. (Nuclear Physics)
No part of this thesis has been submitted for a degree
at any other university.
(iü)
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S E C T I O N O N E
SPIN ORIENTATIONS PROM DEUTERON INDUCED REACTIONS
IN C
CHAPTER ONE
INTRODUCTION
This section of the thesis is concerned with the 
performance' and interpretation of two double-scattering 
experiments. The original intention was to investigate 
the polarization of protons from (d,p) reactions in the 
deuteron energy range up to 1100 kv. The polarization in 
such cases arises from interference between different levels 
of the compound nucleus or between different sub-channels 
within a given level. One expects therefore that an 
analysis of the energy and angle dependence of the 
polarization in the vicinity of suitable nuclear resonances 
will yield information about the nuclear parameters 
involved. This information will contain elements not 
accessible through normal angular distribution measurements 
as the interference mechanism is different in the two cases. 
However, some of the requirements for the existence of 
polarization are also those for the existence of asymmetrical 
angular distributions. The choice of a suitable reaction 
for investigation will thus take into account any information 
of this sort which may be available. In addition the 
number of possible contributing channels should be small to 
facilitate analysis.
Angular distributions of protons from the reaction
2C ^ ( d ,p ) C ^  a t  bom barding e n e rg ie s  from 0 .8  to  1-7 MeV.
have been  re p o r te d  ( P h i l l i p s  1950, Sarma e t  a l .  1957)*
The a n a ly s i s  of th e se  d i s t r i b u t i o n s  in  te rm s o f Legendre
p o ly n o m ia ls  shov/s a  la r g e  A^  term  w hich i s  a t t r i b u t e d  to
in te r f e r e n c e  betw een two le v e ls  o f  th e  compound n u c le u s  
14N co rre sp o n d in g  to  bom barding e n e rg ie s  o f O.94 and 1 .16  
MeV. S uggested  n u c le a r  sp in s  and p a r i t i e s  fo r  th e se  le v e l s  
were 1+ and 2 r e s p e c t iv e l y .  P o s s ib le  incom ing d e u te ro n  
a n g u la r  momenta a re  1 = 0 o r  2 f o r  th e  1+ le v e l  and 
1 = 1 o r 3 fo r  th e  2 l e v e l ,  w ith  o u tg o in g  channel s p in s
t
S = 0 o r 1 in  b o th  c a s e s .  Because o f th e  " c e n t r i f u g a l
b a r r i e r "  e f f e c t  th e  c o n t r ib u t io n  o f f-w aves i s  exp ec ted  to
1
be sm a lle r  and, as i s  shown l a t e r ,  on ly  S = 0 i s  e f f e c t iv e  
fo r  th e  upper l e v e l .  I t  th e re fo re  seems l i k e l y ,  on th e  
grounds o f i t s  a n g u la r  d i s t r i b u t i o n ,  t h a t  t h i s  r e a c t io n  
w i l l  g iv e  p o l a r i z a t i o n ,  and indeed  q u i te  la rg e  v a lu e s  have 
been r e p o r te d  a t  1060 kv ( J u r ic  and C irilov 1958)* At th e  
same tim e , th e  number o f c o n t r ib u t in g  term s i s  sm a ll, g iv in g  
th e  p o s s i b i l i t y  o f  u s e f u l  a n a ly s i s .  In  a d d i t io n ,  th e  
problem  o f d e te c t in g  p o la r i z a t i o n  in  t h i s  ca se  i s  f a c i l i t a t e d  
by th e  e x is te n c e  o f a n e g a t iv e  "Q" v a lu e  f o r  th e  (d ,n )  r e a c t io n ,  
le a d in g  to  a  much reduced  knock-on o r (n ,p )  p ro to n  background .
The p o la r i z a t io n  o f a  beam o f p ro to n s  produced  in  a  
n u c le a r  r e a c t io n  may be deduced from m easurem ents o f l e f t - r i g h t
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(L - R) asymmetries resulting from elastic scattering when 
suitable materials are placed in the beam. As shown by 
Simon (1953)» for spin ^ outgoing particles from the initial 
reaction the resultant asymmetry is of the form
v% h f2 <V ■ i tL + K
Where L and R are the scattered intensities at angles to
the left and right of the scatterer, f ^ (O ) is the polarization
produced in the initial reaction, fjs^) the polarization
which would be produced by elastic scattering of an
unpolarized beam of protons, n^ = x and n^ = x
The unit vectors k., k_ and k, represent the direction of
I l —y
motion of the deuteron, proton and scattered proton 
respectively.
The use of both helium and carbon as scattering material 
in polarization analysis has been described in the literature. 
Carbon was chosen for the present experiment as it provides 
better geometry and energy resolution than helium and is 
more convenient to use. Calculations of the pola^iz ation 
expected from elastic scattering, using phase shifts derived 
from scattering experiments (Reich, Phillips and Russell 
1956), have been reported (Juric and Cirilov, 1958» Phillips 
and Miller 1959)* Phillips and Miller provide a contour 
map of polarization as a function of energy and angle which 
predicts a "saddle" at about 3 MeV. proton energy and 45°
-  4 -
scattering angle over which the polarization is expected to 
be about 20$ and insensitive to small variations of energy 
or angle. This region was therefore used. Later experimental 
work (Evans and Grace i960) however, has shown that the phase 
shifts employed in the polarization calculations were not 
sufficiently reliable. The work of Evans and Grace was 
carried out with a 60° scattering angle and gives a value of 
about 25$ at 3 MeV. as compared with the predicted 20$.
This point will be mentioned again later.
During the performance of the polarization experiments
just described it was found possible to detect protons from
12 12the pair of reactions C (dd)C (dp) in which deuterons 
elastically scattered off the first target were made to 
initiate (dp) reactions in the carbon scatterer.
The spin state of scattered deuterons (spin 1) 
requires a more complicated description than that of protons 
(spin -g-) and a basis for such a description will now be given.
If a system of non-interacting identical nuclei each of 
total angular momentum I exists in field free space, the 
21 + 1 nuclear magnetic substates of the basic state will
belong to a degenerate energy level. On the application of 
an external field the degeneracy may be partially or totally 
lifted and the 2 1 + 1  magnetic states, now distinguished 
by their magnetic quantum numbers M(-I<M<l), may be taken
-  5 -
as r e p r e s e n t in g  d i f f e r e n t  o r ie n t a t i o n s  o f th e  s p in  v e c to r  I  
w ith  r e s p e c t  to  th e  d i r e c t i o n  o f th e  app lied , f i e l d .  I f  th e  
degeneracy  has been c o m p le te ly  l i f t e d  th e  whole system  
m om entarily  r e p r e s e n ts  a s t a t i s t i c a l  ensem ble o f p a r t i c l e s  
w ith  s p in s  random ly d i s t r i b u t e d  among th e  a llo w ed  s t a t e s .
The p r o b a b i l i t y  o f f in d in g  a  g iv e n  n u c leu s  in  th e  s u b s ta te  
M i s  in  t h i s  ca se  in d ep en d en t o f M and eq u a l to   ^ .
However, th e re  w i l l  be a  tendency  f o r  s t a t e s  o f h ig h e r  
energy  to  l o s t  energy  by r a d i a t i o n ,  g iv in g  a  v a r i a t io n  o f 
p o p u la tio n  w ith  M. An assem bly  in  w hich th e  p r o b a b i l i t y  
v a r ie s  w ith  M i s  said, to  be o r ie n te d  w ith  r e s p e c t  to  th e  
a x is  a lo n g  which M i s  d e f in e d . The s t a t e  o f th e  ensem ble 
may th e n  be s p e c i f i e d  in  term s o f th e  i r r e d u c ib le  te n s o r  
o p e ra to rs  T J(q 21; q ^  k ^  - q ) . These tra n s fo rm  u n d er 
r o t a t i o n s  in  th e  same way a s  th e  s p h e r ic a l  harm onics 
Y F r o m  th e  r e s t r i c t i o n s  on q and k i t  can  be seen  
th a t  th e  com plete  d e s c r ip t io n  r e q u i r e s  knowledge o f th e  
e x p e c ta t io n  v a lu e s  o f (21 + 1) te n s o r  moments. T his 
method o f r e p r e s e n ta t io n  i s  p a r t i c u l a r l y  u s e f u l  s in c e  th e  low 
ra n k in g  te n s o r s  co rresp o n d  n a t u r a l l y  to  such p h y s ic a l  
q u a n t i t i e s  in  c ro s s  s e c t io n  and p o la r i z a t io n .
In  th e  p r e s e n t  case  th e  s p in  s t a t e  o f th e  e l a s t i c a l l y  
s c a t t e r e d  d e u te ro n  r e q u i r e s  a  know ledge of th e  e x p e c ta t io n  
v a lu e s  o f th e  n in e  te n s o rs  up to  ran k  2. E x p re ss io n s  fo r
-  6 -
these tensors are given by Simon (1953)• Tn chapter four
it is shown that, under certain conditions the asymmetry 
of the subsequent proton angular distribution can be used 
to measure various combinations of the expectation values 
of these tensors.
The following chapter is an account of the experimental
12 12techniques and their application to the C (d.,p)C (pp)
process. The results are presented in the form of graphs
of percentage polarization as a function of energy at
five scattering angles. In chapter three a new concept
is introduced, that of "differential polarization". The
polarization results are given in terms of this concept
and comparison made with theoretical expressions derived
from the polarization theory of Simon and Welton (1953)•
In section 1 of chapter four an expression for the
spin states arising from interference of coulomb and nuclear
scattering amplitudes is derived explicitly from the
formulation of Simon (1953)- This expression is used in
section 2 together with equations 3*2 of Simon to obtain a
theoretical estimate for comparison with the results of the 
12 12C (dd)C (dp) experiment described in section 3*
-  7 -
CHAPTER TWO
DOUBLE SCATTERING EXPERIMENTS 
1. Design of Apparatus
In this chapter the overall apparatus and techniques
employed in the two ’'double scattering” experiments are
12 12described and the results of the C (dp)C (pp) experiments 
are presented.
The term "double scattering" as used here refers to 
any process in which the product of a given reaction 
(including elastic scattering) is made to initiate a second 
reaction. Detection of one of the products of the second 
reaction constitutes an observed event. The cross section 
for such a double process is naturally very small and 
considerations of intensity play a large part in the design 
of these experiments.
In the first place, since beam currents of up to 150 
pA were available it was decided to use a thick water cooled 
target rather than the apparently attractive alternative of 
an unsupported carbon film. In practice thick carbon targets 
are easy to construct, can be used for long periods at 15^ pA 
without noticeable damage, and of course may be permitted to 
build up canbon deposits without ill-effects. Unsupported
canbon films on the other hand would be difficult to make of
-  8 -
sufficient thickness to give reasonable yield, have short
life times for beams of more than 10pA, and variation of
thickness with* time could be troublesome.
Secondly the ideal of small beam spots and narrow
acceptance angles cannot be realized in practice. The
compromise reached here involved a circular beam of
deuterons of about cross section striking a carbon
target at angles of incidence varying with scattering angle
down to 15° (at 30° scattering angle). The analyser
accepted those particles scattered into a 1" diameter circle
at 10" distance, whilst the detectors, also of 1" diameter
sensitive area, subtended a solid angle of J_ steradians
20
at the analyser. There was thus a spread of angles of
about 6° on either side of the chosen scattering angle.
These large solid angles could lead to apparently asymmetric
distributions. This point is discussed in AppendixJM.
A third result of the small cross section is that small
backgrounds may be specially troublesome. Two main sources
of background were envisaged: these were elastic scattering
of protons from surfaces other than the scattering foil, and
protons from (n,p) reactions in the detectors and surrounding
material. As mentioned earlier the negative "Q” value for
C (d,n) was a factor in the choice of the reaction C (d,p)
12for study. Since C (n,p) has a large negative Q,carbon is
figure 2.1
Schematic cross section of the apparatus with the analyser 
in the 45° position.
C
arbon
Liners
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also a good material for beam stops, target holders and 
liners in the vicinity of the analysing chamber.
The design was also influenced by considerations of 
rigidity, ease of construction and desirability of being 
able to rotate the analyser around its incoming particle 
direction. The resultant apparatus is shown diagrammatically 
in figure 2.1.
The target chamber consisted of a dural cylinder of 
% "  internal diameter and 5” depth. An axial silver steel 
tube passing through a teflon plug in the lid provided an 
insulated, rotatable water-cooled target support. The 
lower part of this support was cut back so that the face
of a 1_ ” thick carbon target screwed on to it passed through
16
the cylinder axis. For lining up purposes a quartz disc 
was attached to the support, which could be raised or 
lowered to interchange "viewer” or target positions. The 
lid was engraved at 2° intervals through >^60° from the beam 
direction and the external part of the target support was 
provided with a pointer indicating the angle of incidence of 
the beam.
The analysing chamber was a similar dural cylinder which 
could be connected to the target chamber at various angles 
to the beam direction by means of a collimating tube. The 
latter fitted into any one of eight ports in the target
10 -
chamber, spaced to give the range of angles from 30° to 
135° at 15° intervals. It contained a holder for an 
aluminium foil, in which scattered deuterons could be 
stopped, and two carbon stops. The dimensions of the 
stops and tube were chosen to give an "umbra" of 1"
diameter at the centre of the analyser chamber and no stray
o} the.
scattering except from the edges/stops (which were bevelled 
down to a few times the range of 3 MeV. protons) and from 
the neck (which was threaded to reduce its scattering 
power). The placing and dimensions of the stops is not 
critical and suitable conditions were determined graphically.
The analysing foil in the first set of experiments 
was a 20 micron polystyrene sheet held in a carbon frame 
on a silver steel rod. The latter passed through an 'O’ 
ring seal in the centre of the lid and was provided with a 
pointer and scale in the same manner as the target support.
It could be raised during background runs to expose an 
identical but empty carbon frame to the proton flux. Carbon 
liners in the analysing chamber were employed to reduce the 
(n,p) background and the space between these and the cylinder 
walls was plugged with mild-steel fillings to increase the 
amount of material in the neutron path between target and 
detectors. Lead blocks were placed alongside the collimator
for the same reason.
11
The c o l l im a to r  b e in g  a  c y l in d r i c a l  tube  s e a le d  to  bo th  
t a r g e t  and a n a ly s in g  cham bers by ’O’ r in g s  in  45°  g rooves, 
i t  was p o s s ib le  to  r o t a t e  th e  a n a ly s in g  chamber around the  
c o l l im a to r  a x i s .  The r o t a t i o n  co u ld  be made w ith  th e  system  
u n d er vacuum i f  n e c e s sa ry  and was used  in  th e  f i r s t  s e t  of 
exp erim en ts  to  check on any i n t r i n s i c  asym m etries in  the  
d e te c t in g  system  u s in g  an azim uth  o f 9ü °«
The d e te c to r s  were two caesium  io d id e  c r y s t a l s ,  each 
0 .0 1 ” th ic k  and 1" in  d ia m e te r  cem ented to  2" Dumont type 
6292 p h o to m u lt ip l ie r s .  The c r y s t a l s  were p re p a re d  by 
w a te r -p o l is h in g ,  u s in g  a j i g  to  m a in ta in  p a r a l l e l  s u r fa c e s ,  
th e n  c u t t in g  ou t th e  c e n t r e ,  u n ifo rm , s e c t io n  w ith  a  sharp  
b la d e . The th ic k n e s s ,  e s tim a te d  w ith  a  d ep th  guage, was 
chosen  w ith  a view to  p o s s ib le  l a t e r  use  in  experim en ts  
in v o lv in g  5 MeV. p ro to n s  and was th u s  c o n s id e ra b ly  g r e a te r  
th a n  would o th e rw ise  have been th e  c a se . The p h o to m u lt ip l ie r s  
were housed in  m ild  s t e e l  tu b e s  which cou ld  be f i t t e d  in to  
p o r t s  a t  45° o r  9 0 ° on e i t h e r  s id e  o f th e  s c a t t e r e d  beam 
d i r e c t io n .  The tu b e s  covered  th e  whole le n g th  o f th e  
p h o to m u lt ip l ie r s  g iv in g  s h ie ld in g  from  l i g h t  and m agnetic 
f i e l d s .  The c r y s t a l s ,  and hence p h o to m u lt ip l ie r  f a c e s ,  
were in s id e  th e  vacuum system . Two m ethods o f  making th e  
n e c e s s a ry  vacuum s e a l  were t r i e d ,  b o th  w ith  su c c e s s . The 
more s a t i s f a c t o r y  was to  b u t t  th e  fa c e  of th e  p h o to m u lt ip l ie r
12
a g a in s t  a  sh o u ld e r  in  which an "0" r in g ,  o f s u f f i c i e n t
d ia m e te r  to  c l e a r  th e  c r y s ta l  a d e q u a te ly , was s e t .
A p o r t  in  th e  Ms t r a ig h t - th r o u g h ” p o s i t io n  allow ed
f o r  a  b eam -ca tch e r in  which a m on ito r o f th e  same form
as th e  d e te c to r s  co u ld  be s ta t io n e d .  The u se  o f t h i s
m on ito r was however d is c o n tin u e d  a f t e r  a  s h o r t  w h ile  as
th e  h igh  f lu x  o f p ro to n s  soon damaged th e  c r y s t a l  and
made th e  m o n ito r u n r e l i a b le .  T h is was o f no g r e a t
consequence a s  such  a  m on ito r would on ly  be used  to  g ive
rough  a n g u la r  d i s t r i b u t i o n s  and to  supplem ent th e  beam c u r re n t
in t e g r a to r .  (The l a t t e r  was connected  to  th e  t a r g e t ,
in s u la te d  f o r  t h i s  p u rp o se , w ith  th e  ta r g e t  chamber a c t in g
as  an e x c e l le n t  F araday  c a g e .)  However, i t  i s  i n t e r e s t i n g
to  n o te  t h a t  t h i s  was a  genu ine  i n t e n s i t y ,  a s  d i s t i n c t
from  c o u n tin g  r a t e ,  problem  as  a  j_ 11 d ia m e te r  s to p  was used
50
to  red u ce  th e  count r a t e  to  th e  same o rd e r  as t h a t  in  th e
d e te c to r s  and th e  perform ance s t i l l  found to  d e t e r io r a t e
w ith  tim e . Moving th e  s to p  to  a  f r e s h  a re a  of c r y s ta l
would th e n  improve perform ance f o r  a  tim e . The beam
7 2i n t e n s i t y  was e s tim a te d  to  amount to  abou t 10' p ro to n s /cm  / s e c .
Such p o r t s  as were n o t b e in g  used a t  any g iv en  tim e were 
p lugged  w ith  b ra s s  c y l in d e r s ,  w ith  th e  e x c e p tio n  o f one 
c o n v e n ie n tly  p la c e d  f o r  v iew ing  th e  q u a r tz  d is c ;  t h i s  was 
p lugged  w ith  a  p o lish e d  p e rsp ex  window. A ll s e a ls  were made
-  1 3  -
w ith  "0" r in g s ,  no g re a se  b e in g  used  ex cep t on th e  
r o t a t a b l e  j o i n t s .
2. E x p erim en ta l P rocedu re  and R e s u lts  from  C ~(dp)C ~(pp)
The two d e te c to r s  w ere s ta t io n e d  in  th e  45° p o s i t io n  
f o r  t h i s  ex p erim en t. At th e  b eg in n in g  o f each s e t  of ru n s  
a t  any a n g le  *0 th e  beam was f i r s t  l in e d  up on th e  q u a rtz  
d is c ,  th e n  th e  ta r g e t  dropped in to  p o s i t io n  a t  an ang le  o f 
to  th e  beam d i r e c t io n .  At each energy  th re e  ru n s  were
2
made w ith  th e  a n a ly se r  a l t e r n a t e l y  in ,  ou t and in  a g a in .
N u ll ru n s ,  i . e .  w ith  f  = 90°> were made a t  f iv e  e n e rg ie s  
a t  each o f  th r e e  s c a t t e r in g  an g le s  g iv in g  a  r e s u l t a n t  v a lu e  
o f 0 .6 $  asymm etry w ith  a  r .m .s .  d e v ia t io n  o f 4$« At e n e rg ie s  
from  800 to  950 KeV each ru n  was g iv en  10^ m icro  coulom bs, 
h ig h e r  e n e rg ie s  b e in g  g iv e n  h a l f  t h i s .  About 1000 s c a t t e r e d  
p ro to n s  would be reco rd ed  in  each d e te c to r  a t  850 kev under 
th e se  c o n d i t io n s .
P u ls e s  from  th e  d e te c to r s  p assed  th ro u g h  c o n v e n tio n a l 
p r e - a m p l i f i e r s  to  th e  c o n t ro l  a re a ,  w hich was sh ie ld e d  from 
th e  beam ru n  and t a r g e t  a re a  by c o n c re te  w a lls  s u f f i c i e n t  to  
cu t th e  n e u tro n  f lu x  by a  f a c t o r  o f more th a n  10. The p u ls e s  
were th e n  a m p lif ie d  and p a sse d  th rough  a  “ spectrum  s o r te r "  
which a llo w ed  b o th  s p e c tr a  to  be d is p la y e d  s im u lta n e o u s ly  on 
th e  s c re e n  o f  a  100 ch an n e l H u tc h in so n -S c a rro t type  k ic k s o r t e r .  
A b lock  d iag ram  o f th e  spectrum  s o r t e r  i s  shown in  f ig u r e  2 .2 .
Figure 2.2
Block diagram of the "spectrum sorter" used to permit 
two spectra to be displayed simultaneously on a 100 
channel, Hutchinson-Scarrott pulse height analyser.
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C\J
5
•H
F ig u re  2 .5
A ty p ic a l  p a i r  o f s p e c tr a  a t  850 kev w ith  6- = 45 
The two peaks r e p re s e n t  p ro to n s  s c a t t e r e d  a t  45°  
on o p p o s ite  s id e s  o f th e  p o ly s ty re n e  f o i l .
200 r
Number o f Channels
Fj/g ire  2 »3
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Figure 2.3 shov/s a typical pair of spectra recorded 
with this equipment. The low energy cut-off of the upper 
spectrum is sharp and no spurious counts were dropped into 
the lower spectrum. On the other hand, the high energy 
contribution of the lower spectrum is quite negligible.
The resolutions of the two detectors were not identical 
but no attempt was made to rectify this as the excellent 
resolutions from background in both spectra permitted good 
accuracy in estimating the areas under the peaks even at 
the lowest energies used. For Th.(C + c') (^particles 
the resolutions were about 8°/o full width at half-height.
Since the target used in these experiments was infinitely 
thick for deuterons, it was not sufficient to substitute the 
yields observed in left (L) and right (R) detectors directly 
into equation 1.1. . However the yield from the thick target 
corresponds to
the observed yield being
Therefore
dl = o (E)o g(E)
dB dP P5
where g(e) = dE = rate of energy loss of deuterons in carbon, 
dx
Figure 2«5
A typical pair of spectra at 850 kev with 6- : 
The two peaks represent protons scattered at 
on opposite sides of the polystyrene foil.
200
150
100
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0
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-  14 -
Figure 2.3 shows a typical pair of spectra recorded 
with this equipment. The low energy cut-off of the upper 
spectrum is sharp and no spurious counts were dropped into 
the lower spectrum. On the other hand, the high energy 
contribution of the lower spectrum is quite negligible.
The resolutions of the two detectors were not identical 
but no attempt was made to rectify this as the excellent 
resolutions from background in both spectra permitted good 
accuracy in estimating the areas under the peaks even at 
the lowest energies used. For Th.(C + c') a-particles 
the resolutions were about 8°/o full width at half-height.
Since the target used in these experiments was infinitely 
thick for deuterons, it was not sufficient to substitute the 
yields observed in left (L) and right (R) detectors directly 
into equation 1.1. . However the yield from the thick target 
corresponds to
the observed yield being
Therefore
dY = o, (E)o g(E)-1 
dP PP
where g(e) = dE = rate of energy loss of deuterons in carbon, 
dx
Fi^ gire 2.4
f^f^ as a function of deuteron energy
i.e = 45°; 2. = 135°;
•© = 900.
1 - * 60°; -B = 120°;
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One can therefore plot thick target yield curves for 
left and right detectors and, with small corrections for 
dE/dx, the slopes of these curves give the correct thin 
target yields, L and E to substitute in 1.1. Assuming 
that these curves can be fitted to parabolas over limited 
ranges, the slope at any given point is the difference of 
the neighbouring equidistant points. This method of 
determining the slope was compared with two others, namely, 
drawing tangents to a "smooth'1 curve through the points; 
and plotting differences at small intervals along such a 
smooth curve then smoothing the resultant difference curve.
The three methods were found to give closely comparable 
results, the first method being preferred because of the 
simple propagation of errors.
Figure 2.4 shows the polarization products f f^ deduced as 
described above. It was necessary to leave the polarizations in 
this form owing to a discrepancy between the efficiency predicted 
by Phillips and Miller (1959) and the maximum values of f^f^
found in these experiments- The latter require f^ to be at 
least 25$ as compared with the predicted value of less than 
2 Or/o. As mentioned earlier, Evans and Grace have performed 
true proton double-scattering experiments which reveal a 
similar discrepancy over the proton energy range 2.5 to 4«5 
MeV. at a scattering angle of 60°. They suggest that the
-  16 -
cause  o f th i s  d is c re p a n c y  l i e s  in  th e  extrem e s e n s i t i v i t y  
o f th e  p o la r i z a t io n  to  sm all changes in  th e  two d wave 
phase  s h i f t s  0^+ and • V alues o f  th e  two phase  s h i f t s  
were d e r iv e d  by R eich  e t  a l .  (1956) from  m easurem ents o f 
th e  d i f f e r e n t i a l  s c a t t e r in g  c ro s s  s e c t io n .  Evans and 
Grace p o in t ou t t h a t  a  f u r th e r  s e p a ra t io n  o f th e  phase  
s h i f t s  by 6° would n o t be in c o n s i s t e n t  w ith  th e  c ro s s  
s e c t io n  m easurem ents and would b r in g  th e  c a lc u la te d  
p o la r i z a t io n  in to  agreem ent w ith  th e  ex p e rim en ta l v a lu e s .  
The p re s e n t  r e s u l t s  in d ic a te  t h a t  an ad ju stm en t o f a t  l e a s t  
th e  same m agnitude i s  r e q u ire d  to  f i t  th e  p o la r i z a t io n  
r e s u l t s  fo r  3 MeV. p ro to n s  s c a t t e r e d  a t  45°•
- n  -
CHAPTER THREE
ANALYSIS
1. Introduction
The following analysis of the C^(d,p)C1^ (p,p) 
experiment is based on the treatment of the theory of 
polarized particles in nuclear reactions given by Simon 
and Welton (1955) and the theory of angular distributions 
of Blatt and Biedenharn (1952)* The notation will be 
that of Blatt and Biedenharn except that the Clebsch- 
Gordan coefficients will be written I s ' f, 1 This isK mi M;
thought to give a more immediate impression of the relevant 
relationships, i.e. the coefficient represents the coupling 
of two vectors 1 and s to form a resultant J, while their 
Z components combine to form a resultant M.
A brief account of the method employed was given in 
Gregory and Treacy (1961). Since that time the whole of the 
analysis has been repeated in terms of the angular distribution 
given by Phillips (1950) rather than those of Sarma et al. 
(1957) as previously used, the theoretical fits to the former 
being slightly more satisfactory. Qualitatively the results 
are not greatly affected by this change. The alterations 
in numerical results are discussed in Section 4.
2. Information from Anaular Distributions
The differential cross section for a reaction may be
Figure d*1
The coefficients A in the expansion da/dfl=2LA P (cost*) n ' *  n n
plotted as a function of bombarding deuteron energy
(Phillips).
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d e f in e d  as
= 2 * A n P n (co s6 ), 3.1.
where A^ i s  an energy  dependant c o e f f i c i e n t  and P^(cosO )
i s  th e  u s u a l Legendre p o ly n o m ia l. F ig u re  3*1 shows v a lu e s
o f A^ to  A  ^ g iv e n  by P h i l l i p s  ('195°) • The f a c t  t h a t  h ig h e r
A a re  l e s s  th a n  1 ¥o o f A may be ta k e n  as ev idence th a t  n o
th e  compound n u c le u s  tre a tm e n t i s  j u s t i f i e d .
The t o t a l  c ro s s  s e c t io n  i s  A'kA and, d is r e g a rd in g  th eo
p o s s i b i l i t y  o f complex b eh av io u r due to  a d ja c e n t le v e ls
h av ing  equal sp in s  and p a r i t i e s  (Teichmann 195o ) , t h i s  shows
reso n an ces  a t  abou t 0 .9 4  and 1.16 MeV. I t  has been
p o s tu la te d  ( P h i l l i p s  1950, Sarma 195*0 th a t  th e  le v e ls  a re
o f o p p o s ite  p a r i t i e s  and th e  n e a r ly  i s o t r o p ic  d i s t r i b u t i o n
a t  0 .9 4  MeV. i s  due to  p redom inan t s-wave d e u te ro n  c a p tu re
to  form  a  ( J K = 1+) l e v e l .  At 1 .16 MeV. = 2 was
assumed on th e  b a s is  o f l im i te d  a n iso tro p y  and a l s o  (Sarma
*1957) in  o rd e r  to  g u a ra n te e  approx im ate  e q u a l i ty  o f th e
reduced  w id th  f o r  n e u tro n  and p ro to n  em issio n  to  th e  f i r s t
13
e x c i te d  s t a t e  o f C. However, th e  fo llo w in g  argum ents 
a re  p re fe r re d  h e re .
We f i r s t  c o n s id e r  th e  u p p er l e v e l .  U sing P h i l l i p s  d a te  
on (d ,p )  and (d ,n )  c ro s s  s e c t io n s  and assum ing h i s  v a lu e  o f 
0 .200  MeV. f o r  th e  t o t a l  w id th  o f th e  1.16 MeV. l e v e l ,  one 
can deduce p a r t i a l  w id th s f o r  J  = 3 ns fo llo w s .
-  19 -
The d e u te ro n  reduced  w id th  a t  th e  1.16 MeV. reso n an ce  
i s  g iv e n  in  term s o f th e  (d ,p )  c r o s s - s e c t io n  by th e  
d is p e r s io n  fo rm ula
/~d = j f t o t2 CTdp x (2s^ + l )
T p  4* ^ d2 (2 J ~ )
where }\ , th e  he B ro g lie  w ave len g th  o f th e  d e u te ro n s  i s
g iv e n  by
A = *
p
-12= 0 .3 4 .1 0 cm.
U sing th e  v a lu e  o f 60 m i l l ib a r n s  f o r  th e  (d ,p )  c ro s s  
s e c t io n  one o b ta in s
T d  = x 0 .018
A
The t o t a l  w id th  l~^ 0^ may Be ta k en  as th e  sum o f th e  
p a r tia .1  d e u te ro n , p ro to n  and n e u tro n  w id th s . The l a t t e r  
i s  g iv e n  in  te rm s o f th e  p ro to n  p a r t i a l  w id th  by
/p  = fd£ = 6.4
r  a,' n dn
Thus
0.018 r______ 't o t
rP
From vdiich
+ r  (1 + 0 .1 6 )  = r
p t
= 169 kev
P
= 26 kevn
5 kev.
Table 5»1
Values of (F^  + G^)/2 ^
Ed
Ld 0.94 1.16
0 6.2 2.65
1 22.0 7.8
2 226 88
3 5250 1770
The sum rule limit gives
(F2 + G 2)n ^2 e £ 2320
-  20 -
We can now use the sum rule to restrict the possible values 
of deuteron angular momentum.
The Wigner limit may be written in terms of the partial 
width (/^), rather than the reduced width (y )^ and the 
normal coulomb functions by putting
F2 + G2 r  = i  ?  i i  •
2 e R 2
^ "I X Q T:I #Using an interaction radius of R = 3*96.10 L this becomes
becomes
F2 + G2 2320
2 e ~ s- 5
Comparison with table 3*1 shows that only 1 values of 0,
1 and 2 are permissible. Since partial deuteron widths 
for J = 2 and J = 1 are similarly found to be 7 and 10 kev 
respectively the same limits on 1 values apply.' Thus the 
possible J values are limited to 0^ -, 1— , 2“ , or 3+*
We now calculate anisotropy coefficients for the 
significant J assignments in the following way.
In this case where we consider a reaction involving a 
single isolated resonance the equation BB(4-5) reduces to
d0a'3,'aso< 2  (-1)S'"S.2I Z(11J12J;sL)z (11'J12!J;s 'L)
L = 0 1 * 1 1
x R.P. S*a's^yp-s as 1 pL(°ose)d-U > 2 2 3-2-.
*Some other experimental results are discussed in Appendix 3*1*
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For th e  p r e s e n t  purpose we can u se  th e  W igner-E isenbud 
s c a t t e r in g  m a tr ix  in  th e  form
Ss , l ,^ l  = J f s l '  exp i^ I , l ' ; ’‘ / I ' l ’ = al  “tan ( Fl / GiJ ~%
g iv in g
Ss,i {  = /T»i*
and
R-P - ( Ss ; p  Ss ^ l ^ - ± - ^ ' l 1/ s ' l ^  ° 08  ^ h  ■ V tan  Fl z /(il
+ ta n   ^ F /G )
X2 2
Where , i s  h e re  th e  p a r t i a l  w id th  f o r  o u tg o in g  p ro to n s  
h av in g  channe l sp in  s ’ and o r b i t a l  a n g u la r  momentum 1 ’ , 
i s  th e  phase s h i f t  co rre sp o n d in g  to  t h i s  ch a n n e l, 
in c lu d in g  coulomb ( al )  and h a rd -sp h e re  ( - a r c tq n  
c o n t r ib u t io n s .  T ab les o f th e  coulomb fu n c tio n s  a re  u s u a l ly  
g iv e n  in  term s o f th e  v a r ia b le s  J and which a re  d e f in e d  
f o r  th e  o u tg o in g  ch an n e ls  by
>
0.1572 ZZ
vi
niE + <V
_ 12
7 2 .905 x 10
Where Z and Z ’ a re  th e  ch arg es  o f th e  ou tgo ing  p a r t i c l e s ,  p 
th e  reduced  mass in  a tom ic u n i t s ,  R th e  in t e r a c t io n  r a d iu s ,  
Mi th e  mass o f th e  in c e d e n t p a r t i c l e  and E i t s  en erg y , in  
MeV, in  the  la b o ra to r y  system .
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Talcing R = 1.2(A 3^ + A^).10 ^  = 3*96.10 ^cm, and
E = 1 MeV, we get for the present case log^= -O.326 and 
p = 1.6. With these values and the appropriate Z coefficient 
we get the results of Table 3*2.
The experimental angular distributions at the 1.16 MeV.
resonance (Pig. 3*1) require A 1, A. _1 which lead to
A A 8o o
the assignments = 2 , X 00 or = 3+ ?X -*■ 0. On the
available data the former fits both requirements rather better.
Furthermore a 3+ assignment would require the 0*94 MeV. level
to be of odd parity to account for the observed interference
terms, giving the possible values of 0 , 1 or 2 . The
first two of these cannot give the required A^ term whilst 2 
A 1requires at the 0.94 MeV. resonance, which is not the
Ao
case. A 2 assignment for the 1.16 MeV. level leads to
+ + * either 0 or 1 at 0.94 MeV. The former,Are ruled out on
the basis that A., A and B (see below) are non-zero. We 1 t> 2
— +are thus left with the assignments: 2 at 1.16 MeV. and 1 
at 0.94 MeV., whilst channel spin 1 can be neglected in 
comparison with channel spin 0 for the upper level.
3* Differential Polarization Coefficients
In the preceding section the angular distributions were 
described, in the normal way for resonance reactions, by 
means of the differential cross section expanded in terms 
of Legendre polynomials. The natural description of the
-  23 -
polarizations produced in such a reaction is quite analogous.
The definition of the differential polarization as 
given by S.W (3*2) and S.(5*2) may be written in the form
---J  fi(*} = 2 b p  1(cos ») 3.3dil [ l' + 1/ d S I  n n n
where i* is the spin of the outgoing particle, f^O©) the 
measured polarization at the angle ■© defined in 1.1,
dqC©) the differential cross section, P an associated
d l
Legendre polynomial of order (n,l)and B^ is the coefficient 
analogous to of definition
Coefficients A^ with n up to 4 are important, and the 
same is assumed to be true of the B , while only odd n • 
values occur when interference solely betv/een levels of
opposite partiy is considered.
1 1Since P (■©) and P ^ n  - -0) are equal or opposite as
n is odd or even, we can write
f.("ö) daC'©) + fJ.('*-0) da(^-0) = B^P^(cos©) + B^P^(cosO) 
1 1 dj^ 11 3 3
3 .4 ..
No measurement of the differential cross section was made in 
these experiments, so in order to obtain the B^ from 3*4 
the results of Phillips (1950) were used (Fig. 3*0* The 
five experimental results were taken in pairs (the 90° results 
being doubled) and ajialysed according to the least squares 
recipe of Wapstra et. al. (Nuclear Spectroscopy Tables).
Since the errors introduced by combining Phillips results
-  24 -
with the present experiments are not well known the 
X  test was used, to give these errors, rather than as a 
test of consistency, in the following way.
Since the standard deviations on the polarization 
data are approximately independent of angle we can write
3.ST
(«) -  B ^ C c o s e )  -  b3p ’ ( oos© ) ) '= 2 p 2 ~ 1
The errors are thus given by 2
6 2 = Z(f(«) - B^^oos©) - B^P  ^(cos©))
The results are shown in figure J.2. As already mentioned 
in chapter 2, the polarization f^(-0)is not knovm absolutely 
because of uncertainty as to the correct value of 
For this reason only relative values of and B^ are given.
4. Theoretical Values of the Coefficients
Theoretical curves were computed by the method of 
Simon and Y/elton for the case of interfering (I"1", 2 ) levels 
using the Blatt and Biedenharn form of the Wigner-Eisenbud 
scattering matrix with phases corrected by Huby (1954-) -
In order to reduce the complexity of this problem we 
use the fact that experimental results for B^ (at energies 
950 kev) are considerably greater than those for B and 
neglect the contribution of d-wave deuterons to B^ as a 
first approximation. The expressions obtained from S.W. (3*2)
Figure 5.2
Polarization distribution coefficients defined by 
the relation dP/dO-= *>" B p \  The curves are 
theoretical fits using added phases a = +1.57 radians 
(dotted curve) and a = 1.8 radians (solid curve).
P
o
la
ri
z
a
ti
o
n
 
C
o
ef
fi
ci
en
ts
 (
At
ui
tr
ta
ty
 u
m
c$
]
Fi.TU.re i .2
) 900  10 00  110 0 1X00
D e u t  e t  on L n e t y y  ( k * v.)
-  25 -
for and B are then,
Bl0tl_ R-P-i [(S*^- S11S02^ 31 i' 1’i' 1)X(111»220,111)J
Ed L
B?ocI_ H.P.i [(St, S1. - S*1S02^J3W(i 1 ° !i 1)X (111,220, 33})] 3.<b
7/here the of a refers to s-wave and that of b refers to 
d-wave deuterons. In more detail we have for the scattering 
matrix
Sa's'l',oJl = exP L1 ^ al - %
x eXp[i^,1,-^ ,inaKa ,ra ,)]i W
ani S S11 2 2 eX5[ i(^ l2+^  - h 1-^;)l Sa1slll *».!•
eas«l ®asili
[(Er E)4irj£(E2-E) + £i/’J
°2 2 [(Er E)2+ ir. ]i(E2-E)2 +
Where
€xrf(2it) fjcmfeia) G - iF
' " 1 / G + iF
We now write 
tan j# 
tan %
giving
- F/G
=  — r
2(Eq - E)
S1S2 = gigig2g9 exp If (J2 + a2 - J1 - a1 + ^2+^2”^ l”^ 1+
[(E1 - E)2 + ir2] [(e2 - E)2 + ± r p ]
-  26 -
Hence
R.P. i(S*S - sV) = 2g1S1g2g2 Sin° 3,7
1 2 21 VV^
where a = (a2 - a1 + °2 ~ ai + — -) 
and D = £(EQ - E)2 + l /^ 2 J
If we now substitute 3*7 in 3*6a and b and write the squared 
partial widths , etc. in terras of the reduced width , etc. 
given by
the energy dependence of the polarization coefficients become
1 VdV  ^Ed VtF02 +
B 0 _1_ _______ 1 _
5 a/dV  Jeü 7(F22 + G22)(F1
3 8  a.
3-8 £.
where D+ refers to the (J = 1+) level and D to the (J = 2 ) 
level.
Values of these expressions were computed over the energy 
range 800 to 1160 kev. The resultant phase angles and coefficients 
of $in (jp are shown in fig. 3*3* As they stand these are 
not compatible with the experimental results of 3*2. In 
order to get the theoretical curves shown in the latter figure
Figure 3»3
Phase angles (including coulomb and nuclear effects, 
calculated assuming total widths (0*94)= (1»16)=0.20 MeV. 
and an interaction radius R = 3*96 x 10 'em.) and the 
coefficients defined by equations 3 »8& and 3*8Ji*
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i t  was n e c e s s a ry  to  in tro d u c e  th e  a r b i t r a r y  p h ases  cu
From th e  f i t  to  B i t  i s  c l e a r  t h a t  a. m ust be w ith in  th e
5
range o f 1.57 to  1 .8  r a d ia n s .  In  o rd e r  to  o b ta in  th e  c o r r e c t
s c a le  f a c to r s  F and F l e a s t  sq u a re s  f i t s  to  th e  ex p e rim en ta l 
1 5
r e s u l t s  v/ere c a lc u la te d ,  f o r  b o th  v a lu e s  o f  o,, such th a t
Jp  (B(exp) -  E B (th )) = 0.
The r a t i o  F^/F^ i s  th e n  th e  r a t i o  o f th e  c o e f f i c i e n t s  in v o lv ed
in  and B^  r e s p e c t iv e ly .  The t h e o r e t i c a l  e x p re s s io n  f o r  
t h i s  r a t i o  i s  however
( M  Y21(212+1) ( 2oo- * ^ ) ( J 2o ~ o)  W( 2 1 ,12 ; 1 3 ) X ( 111>2 2 ° ;3 3 1)
!1 c o e f f .  y01(2 1 1 + 1) ( ö r o )  (G o " .! ,)  W<01 220;111)
w hich becomes
h
‘h ' c o e f f .
° .8 5  Y21/ r 01 3-9
The r a t i o s  F /F  f o r  OL = 1.57 and = 1*8 were 8 .5  and 7*6 
5 1
r e s p e c t iv e ly  g iv in g  a  mean v a lu e  o f
Y2 l / Y01 = 9 .4
I t  was p o in te d  ou t in  th e  in t r o d u c t io n  th a t  th e se  re su lts
had been co m p le te ly  re a n a ly s e d  s in c e  th e  p u b l ic a t io n  o f  G regory
and T reacy  ( 1961) .  The d i f f e r e n c e  betw een th e  r a t i o  o f
Y2/ Y0 g iv e n  h e re  and th e  p u b lish e d  v a lu e  i s  p a r t l y  due to  th e
d i f f e r e n t  d i f f e r e n t i a l  c ro s s  s e c t io n  em ployed, le a d in g  to  a
d i f f e r e n t  a d d i t iv e  phase a  , and p a r t l y  to  an e r r o r  in  th e
5
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previous analysis. In particular the "high” experimental 
point for B at 948 kev which was previously not given much 
weight is now supported by the point at $00 kev. This has 
the additional effect of casting doubt on the validity of 
assuming zero d-wave contribution to B^. A failure of this 
assumption will not affect B , which plays the main part in 
determining the value of a. We can thus make a correction 
for the d-wave contribution.
Denoting the energy dependent parts of B by B (E) we 
note that the energy dependent term of the d-wave contribution 
to is the same as B^(e ) and write
B1 = W l < E> + °2Y2B3(E)’
where B (E) refers to the s-wave contributions only. The 
ratio of the constants is given by
G (21+1)2 f01" 1) / 3li _ K V J VQO 0/ W (01,12,11)
C2 = (212+1)» (2or o ) W(21,12’1l)
-5/2
Thus B1= -Tb^E) -
and similarly
Bv = G Y B (e ) 3 3 2 3
0.141 B 2' *0] !0C1
The quantities and Yo0 are what we have previouslyo 1 2 3
called F^ and F^, and their ratio is given as in equations 3*9 By
3^ ^312^  0^ 0 /
f -  = ' = 0.85 Y2/T0
1
Substituting for ^2 ^ 0  we get
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B = B CE)? -  OJA B, (S V  
1 1 1 0 .85  3 3
A l e a s t  sq u a re s  f i t  to  th e  e x p e rim e n ta l v a lu e s  B^(exp) th u s
r e q u i r e s  F to  be g iv e n  by
F _ B1(E)B1(exp) + O . I Q S F ^ W b ^ E )
B^E ) 2 B ^ E )
The second terra on th e  r i g h t  i s  th e  r e q u ir e d  c o r r e c t io n .
For d  = 1.75 th e  c o r r e c t io n  i s  - I .5 i n  120 .2 ,  f o r  a. = 1.8
i t  i s  + 4*4 in  119*6. The r a t i o s  F , /F  now become 8 .4  and
3  '
7 .3  r e s p e c t iv e ly ,  th e  mean v a lu e  o f b e in g  9*2, an
in s ig n i f i c a n t  v a r i a t i o n .  The a l t e r a t i o n  in  th e  th e o r e t i c a l  
cu rves i s  a l s o  sm a ll.
I t  i s  em phasised th a t  th e  p r e s e n t  e s t im a te  o f  th e  v a lu e
of y21/Y 01 i s  based on two " b e s t  f i t "  c u rv e s .  Reducing th e
sc a le  o f th e  t h e o r e t i c a l  cu rve  o f  B by a  la rg e  f a c to r  would
n o t r e s u l t  in  an im probably  bad f i t  and would red u ce  th e
r a t i o  Y21/T qi "by th e  same f a c t o r .
However th e  h ig h  v a lu e  o f th e  r a t i o  o f reduced  w id th s
fo r  d to  s wave d eu te ro n s  i s  r a th e r  u n ex p ec ted  and i t  i s
i n t e r e s t i n g  to  a ttem p t a com parison  w ith  th e  r e s u l t  im p lied
by th e  d i f f e r e n t i a l  c r o s s - s e c t io n  m easurem ents. U n fo r tu n a te ly
th e  d a ta  on A appear? u n r e l i a b l e ,  th e  r e s u l t s  o f P h i l l i p s  b e in g
3
q u ite  d i f f e r e n t  from th o se  o f Sarma e t  a l .  The l a t t e r  r e s u l t s
g iv e  an A te rm  o s c i l l a t i n g  f a r  to o  r a p id ly  to  be e x p la in e d
3
Figure 5« 4
Comparison of theoretical angular distribution 
coefficients A and A (dashed curves) using 
arbitrary phases cl = -Ü.7 radians (short dashes) 
and a = -1.0 radians (long dashes), with the 
experimental results of Phillips (solid curve).
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by a single two level interference picture. A theoretical 
fit to the results of Phillips was attempted and the result 
is shown in fig. 3*4» The agreement is not good and it 
?/as again found necessary to introduce an arbitrary phase.
This was chosen to fit A , the A results being very uncertain. 
Obviously a reliable value of Y^/Yq is not to be expected.
The average fit over the energy range 1100 to 1160 kev 
however gives values for ^2 ^ 0  ^*5 with a = -O.7
and -1.0 radians respectively.
The existence of an order-of-magnitude difference 
betY/een the values obtained from angular distributions is 
perhaps not very surprising in view of the uncertainties 
mentioned in both estimates. A more real conflict seems 
to be that discussed in Appendix 3»1 between the results of 
Kashy et al. (i960) and the present observations. The 
former imply not only that the d-wave contribution should be 
zero but also that no polarization should result from 
interference betY/een the levels concerned. One might be 
tempted here to suggest that the fact that arbitrary phases 
v/ere necessary is in any case an indication that resonances 
other than those considered contributed to the observed 
interference. However, it is not easy to see an alternative 
approach. The existance of considerable polarization at
energies as low as 850 kev certainly seems to rule out the
-  31  -
narrow resonance at 1100 kev as a major factor.
The investigation described in the next chapter 
represents an attempt to establish a more selective method 
of determining the required parameters through experiments 
involving interference of coulomb and nuclear scattering 
amplitudes. In this way one may hope to involve preselected 
resonances only.
-  32 -
CHAPTER FOUR
THE C12(d.d)C12(d.-p) PROCESS 
1. Introduction
At bombarding energies of the order of 1 MeV. the ratio 
of coulomb to nuclear scattering amplitudes in an elastic 
scattering process may be varied over a large range by 
suitable choice of scattering angles. One might therefore 
hope in this way to make the effects of interference 
between purely nuclear terms negligible compared to those 
of coulomb-nuclear interference. As a result it should 
be possible to study cases in which scattering from an 
effectively isolated resonance of the compound nucleus 
interferes with coulomb scattering, even in a region of 
overlapping resonances. The degree to which the chosen 
resonance could be isolated would then be improved, by 
studying high order spin orientations of the scattered 
beam, for which the selection rules (restricting, for 
example, the spin and orbital angular momentum quantum 
numbers s, J, and l) may become stringent.
The following experiment was an attempt to use this
method to study the admixture, T^/Yq , of d- to s-wave
+ 14deuterons forming the 1 level of N at 0.94 MeV. bombarding
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energy  in  i s o la t io n  from th e  n earb y  2 l e v e l .  I t  w i l l  be
shown in  S e c tio n  3 bow t h i s  o b je c t  m ight be ach iev ed  by 
2
m easuring  th e  component of th e  s c a t t e r e d  beam. Such
a measurement has been made by o b se rv in g  asym m etries in  th e  
a n g u la r  d i s t r i b u t i o n  o f p ro to n s  r e s u l t i n g  from th e  p ro c e s s  
C (d ,d )C  (d ,p )  in  v/hich d e u te ro n s  e l a s t i c a l l y  s c a t t e r e d  
from a  carbon  ta r g e t  were made to  i n i t i a t e  (d ,p )  r e a c t io n s  
in  a second carbon t a r g e t  c o n s is t in g  o f a  4 m icron th ic k  
u n su p p o rted  f o i l  o f  p o ly s ty re n e . I t  i s  c l e a r  from Simon 
3 .2  th a t  in  such a  p ro c e s s  th e  e x p e c ta t io n  v a lu e s  o f th e  
sp in  te n s o r  moments depend on th e  azim uth  f  betw een th e  
r e a c t io n  p la n e s  th ro u g h  term s p r o p o r t io n a l  to  coskj^, 
i r r e s p e c t iv e  o f th e  r e a c t io n  mechanism.
In  th e  p re s e n t ca se  y ie ld s  f o r  th e  ( d ,d ) ( d ,p )  p ro c e s s  
were m easured a t  a n g le s  = 0° ( l e f t ) ,  180° ( r i g h t ) ,  9^°
(up) and 27O0 (down). C a l l in g  th e se  y ie ld s  L, R, U and I) 
r e s p e c t iv e ly  i t  fo llo w s  th a t  (L + R + U + D) r e p re s e n ts  
(T° + T ^ ) , (L -  R) r e p r e s e n ts  ( t|  + ) and (L + R -  U -  D)
2 a 1r e p r e s e n ts  , where th e  s ig n i f i c a n t  q u a n t i ty  T^t has been
used  to  in d ic a te  i t s  c o n t r ib u t io n  to  th e  m easured y ie ld  o f
th e  p ro c e s s  (T °( l ) -~  j £ ( a ) ) *  ( ^ ’ ( 2 ) -  T °( ? ) ) .
In  s e c t io n  4 th e  r e s u l t s  o f th e se  ex p erim en ts  a re  compared
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with asymmetries derived from the general theoretical 
expression obtained in section 5*
2. C 1 ^ (d,d)C1 (d,i3) Experiments
During the course of experiments described in 
Chapter three it was found that pulses corresponding to 
the detection of 5 MeV. protons were recorded when the 
first carbon target v/as removed from the backing and the 
aluminium foil from the collimator. These pulses could 
only arise from deuterons scattered from the brass backing 
initiating (d,p) reactions in the analyse?foil. This 
observation suggested the possibility of investigating the 
spin states of deuterons elastically scattered from carbon 
by observing the angular distributions from the ensuing 
(d,p) reactions.
Two modifications of the apparatus were required for 
this purpose, viz. the collimator was provided with a side 
tube to take a sliding support for the aluminium foil holder, 
permitting the alternation of background and normal runs; 
and the thickness of the analyser foil had to be greatly 
reduced as scattering from 20 micron polystyrene, which is 
much greater than the range of 1 MeV. deuterons, would 
result in a high proportion of counts from the (d,p)(p,p) 
process.
A foil thickness corresponding to a 50 kev energy loss
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from 1 MeV. d e u te ro n s  was aimed a t ,  th e  method employed 
b e in g  to  d is s o lv e  a  sm all amount o f  p o ly s ty re n e  in  amyl 
a c e ta te  and f l o a t  th e  s o lu t io n  on a  b a th  o f w a te r .
H aving a llow ed  th e  s o lv e n t to  e v a p o ra te  i t  was th e n  
p o s s ib le  to  remove a  th in  f i lm  o f p o ly s ty re n e  on a  w ire  
r in g .
F ilm s o f some 3"  to  4"  in  d ia m e te r  cou ld  sometimes 
be g a th e re d  by t h i s  m ethod. However a f t e r  such f ilm s  
were weighed and t h e i r  th ic k n e s s  de te rm in ed  from  th e  known 
a r e a ,  i t  was found th a t  to  p roduce un ifo rm  f i lm s  th e  th ic k n e s s  
had to  exceed 3 m icro n s, c o rre sp o n d in g  to  an energy  lo s s  of 
over 100 kev . The f ilm s  used  in  th e  p re s e n t  experim en ts  
were 5*5 m icrons and 4*0 m icrons th ic k  so t h a t  b e in g  
exposed a t  45° to  th e  s c a t t e r e d  d e u te ro n  beam th e y  degraded 
1 MeV. d e u te ro n s  by about 200 k ev . To en su re  e f f e c t iv e  
u n ifo rm ity  o f  f o i l ,  th e  beam was r e s t r i c t e d  to  th e  c e n t r a l  
p o r t io n  o f th e  f i lm  by p u t t in g  a  0 . 25" a p e r tu r e  in  th e  
neck o f th e  c o l l im a to r  and re d u c in g  the  o th e r  two s to p s  to  
0 .5" d ia m e te r .
The p ro ced u re  f o r  o b ta in in g  e q u iv a le n t  th in  f i r s t  t a r g e t  
y ie ld s  i s  s im i la r  in  t h i s  case  to  t h a t  a lre a d y  d e s c r ib e d .
Here we have a t  th e  f i r s t  t a r g e t ,  r e f e r r i n g  to  th e  f ig u re
f o r  n o ta t io n ;
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S in ce  E = E -fa  E x o
e 2x :  Eo -  2 m  = 2Ex -  Eo ,
Y - J  °dd<Bz> % (E2x ) dE/ h(E )
dY/dE = add(Eo) adp(Eo)/h (E )
Where h(E ) = d(E ) /d x .
In  th e  p ro c e s s  o f s c a t t e r i n g  an amount o f energy  i s
12l o s t  to  th e  d e u te ro n s  th ro u g h  th e  C r e c o i l ,  g iv en  by 
2 r _ „ « _  i l  2
E = E
s o
1
(M1 +M2)'
l o o s «  + [(M g/Sip2 -  sinde3 ‘j
T his p u ts  an u p p e r l i m i t  on th e  ran g e  o f a n g le s  a v a i la b le  f o r  
in v e s t ig a t io n  s in c e  d e c re a se s  r a p id ly  below 9^0 kev . A 
low er l i m i t  i s  s e t  by the  u se  o f  a  s o l id  t a r g e t .  A s c a t t e r in g  
an g le  o f J>0° was u sed  g iv in g  E = O.966 E^ and a ls o  e n su rin g  
th a t  n u c le a r - n u c le a r  in t e r f e r e n c e  term s would be n e g l ig ib l e .
The second ( r e a c t io n )  an g le  was made 90°, a t  w hich
p
T+2 co u ld  c o n t r ib u te  ( c f .  Simon (3*2))  on ly  th rough  r  = 2, 
i . e .  1 = 0, 1 o r  2.  T h is  in v o lv ed  p r e s e n t in g  th e  f o i l  a t  
45° to  th e  d e u te ro n  beam, one d e t e c to r  r e c e iv in g  " tra n s m itte d "  
and th e  o th e r  " r e f l e c te d "  p ro to n s . C onsequently  each s e t  
o f runs  was r e p e a te d  w ith  th e  f o i l  r o ta t e d  th rough  90° to  
r e v e r s e  th e  c o n d i t io n s .
To e l im in a te  any i n t r i n s i c  asym m etries i t  would have 
been s u f f i c i e n t  to  u se  th e  t h e o r e t i c a l  e q u a l i ty  o f U and D
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(resulting from the f  dependence previously mentioned), 
hut the more efficient procedure of rotating the tv/o 
detectors through 180° and repeating each set of readings 
was in fact employed. The averages of the resulting pairs 
of readings for L, R, U and D are shown in Figure 4* 1 •
Since U and D curves should be identically equal, a 
comparison of the two gives an idea of the errors present. 
Obviously the difference in slopes of L and R is within 
the experimental error. However, if L and R are averaged 
and an overall percentage error obtained from the root 
mean square deviations of the individual L and R readings, 
with a similar procedure for U and D, the pair of curves 
4*2 results. The slopes of these curves were found by 
the method of 2.1 and combined as indicated in the 
introduction to this chapter to give (Tq + Tq) and T^.
The results are shown in figure 4»3*
The dotted curve is a..,(E)a- (E-15^ ) with E in kev,dd dp
obtained from the results of Kashy et al. (i960); no 
allowance has been made for variation of energy loss with 
initial energy. In view of the uncertainty in the 
effective average energy loss of deuterons between the 
first scattering and the initiation of a (d,p) reaction 
the agreement seems satisfactory. The absolute accuracy
Fi,ggire 4. 1
12 12Yield, curves for the process C (d,d)C (d,p) 
obtained with an infinitely thick first target. 
Yields measured at 0°, 180°, 90° and 270° with 
respect to the plane of the first reaction are 
shown as circles, crosses, upright triangles and 
inverted triangles respectively. The 90° and. 
2J0° results have been displaced downward 1 unit
for clarity.
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Average yield curves. Open circles represent R + L,
dots represent U + D.
Figure 4.5
Upper Curve Values of (L + R + U + D) representing
(T° + T2). o o'
Lovi/er Curve Values of (L + R - U - D) representing
The units are actually yield per 200 p coulomb.
The solid angles for (d,d) and (d,p) processes were 
0.01 and 0.05 steradians and effective target 
thicknesses were 100 and 200 kev, respectively.
F igure  4»’5
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of these experiments was not sufficient to permit an 
2 2estimation of Tq. The contribution is seen to be very
o 2small relative to (T + Tq), the average ratio of these 
quantities over the incident deuteron energy range 9^0-1000 
kev being (0.6 + 1.2)$.
This result, insignificantly different from zero, can
14be interpreted in terms of the N level at 0.94* But in
order to calculate the amount of scattered deuteron 
2"alignment" T+  ^we require a general expression for coulomb- 
nuclear interference in the resonance region. Although 
this is implicit in the general theory of Simon (1953) 
the formulation is in terms of nuclear reactions. In 
the following section, therefore, Simon's method is used 
with a scattering amplitude modified to include coulomb 
and hard sphere terms, to derive an expression more suited 
to the present application .
3• Spin States of Elastically Scattered Particles.
In order to derive an expression equivalent to Simon 
3*2 but applicable to coulomb-nuclear interference processes 
we can use the same initial equations as Simon (S. 2.5» S.Z 7, 
S. 2.8 and S. 2.3) with the addition of coulomb and hard 
sphere terms to the scattering amplitude S. 2.3* The
resultant expression is
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ft'
k ' “[»;i*t8pWpr1[40 ’;c-i)
( 2 i )  ! ( ( 2 i ' - ( [ l ) i ( 2 i ' + q , H-l)i}'‘;' P ■ ( ^ 4 ] /  
( 2 i ' ) l { ( 2 i - q ) ! ( 2 i + q + l ) ! } *  Pq ( [ ^ ]  *)
1 1 1 1 m . - i + I + I ' - k ' - i ’+m*--§> a 2 1
(
s , s  ^ q .  \ /  s j  s '  - q ' \
, If , , , , /  W ( i s . i s  ; I q )  W(i* s l i ’ s ’ ; I ’q.*)— - kM- m* m^  - k ' ]  1 2 1 2
j ( f c  + fh )  6 ^ ,  6S iS , Ö ^
where
0 i  / s . l r ^ J  U s ' l l  m -m' ")
ti,i’ (*;» Jl-!' Jv i!  j ,
{ }
{ }
Tq 2 k
i s  th e  c o n ju g a te  complex of th e  p re v io u s
b ra c k e t  w i th  s u b s c r ip t s  1 r e p la c e d  by 2, S i s  an a b b r e v ia t i o n  
f o r  S , , , , ,  an elem ent o f  the  s c a t t e r i n g  m a tr ix ,  and th e
v 3  _L ; w .SX
a b b r e v i a t i o n f x j  d en o te s  (£X + 1 ) .  On d ropp ing  a l l  b u t  the  
coulomb ( p lu s  hard  s p h e r e ) - n u c le a r  i n t e r f e r e n c e  term s we g e t  
th e  fo l lo w in g  e x p re s s io n  . . .
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tk! - t i t (-1)
{ ( 2 i - o l ) ! ( 2 i + o ' + l ) l l , ^  Pn ( M i l )
k - k '
{ (2 i -q )»  ( 2 i+ q + l ) ! } s  p j. jSSJ
i ,  S1 "S’ 11 
in2 -1
s \  s£->q.'
-in 1 m«1 2l -kV
' s p 1 -* J ’ 
m2 ^
s!  l ' - i J
7 I W ( i s , i s . ; I q )m ] 1 2 ’
„„ m?-m’ -j
W(i s^ i  s ^ ; I q ' )  Y , + c o n j u g a te  complex |  T
I n  o rd e r t o  sum over
t h a t
S2 1 ■*J )
[a'2 l ' - J
m2 0 ) ( m2 *2'
' l 1- - * L \ / s2
0
V
k - k ’ /  (
2  (-0
L
J - s ’+ k ' - k  i  i
[ J3[i p [ s q - “
W(S91 S '  1 ' i J L )
Denoting  th e  paper  of  B l a t t  e t  a l .  (1952) by B .B .R . ,  we 
use  B.B.R. ( 19) to  o b t a i n
;v
;b
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$ - XM f (fc+fh) I ci; &a4c<ci»?pxa“1
{ (  )!( ) (_l)J+sr q'
{( )!( )
[1 l'-*l/)
\0 k-k /
f q  L q«1 
k k V
|w(s2ls'l'';JL) W(iSlis2;Iq)
W(iSlis';Iq) W(qs24 's^SlL) S^f k '_k 
+ conjugate complex 1
q»We can express T^t in terms of a Z axis defined by the 
outgoing particle direction using the relations
,q'
'k'
Y Dq' Tq'
^k' k'p’ k*
1 ii (-d “ ' Dk-k',o
t
h
T
ii M hi1 
•
‘T ' l
ri ’ q'**r\ Dr 
o p’ ] kp*k-k’,o
The result, after performing the sum over k ’ in a similar 
manner to that over the magnetic quantum numbers, is
Tf - *x2 {(fo+fh) lbi* c. '3;
p,(q-1
) V
) (.^J+S^q'
(1 r qo k k ) ( X' $  ^)w(ll-qq'SLr)
W(is1is2;Iq) WCis^s^; 14') W(s2ls^l'; JL)
W(qs2q,s^;s1L) , S* + conjugate complex"| T
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It is possible now to perform either the sum over s^, 
using B.3.H.(17), or the sum over L to obtain a 
symbol. For present purposes the simplification is 
purely formal, only one term entering either sum. It 
is therefore immaterial which one we perform. We will 
sum over s^ . On returning to the symmetrical notation 
k', but retaining the meaning of p', we get
1
1 = 2 { (fc+fh) 2  'J fx3 L°'J f r X O
(.^J+L-s ((2.1-0,') !.(2.itc P„, f e j Q
{(2i-q) J(2i+q.+l)«f P„
4 -/.
(o P f  Wdl'qa'sLr) W(lis-l;si)
W(sls'l';JL) S* + conjugate complex! Tjj
All the selection rules are contained in the coefficients. 
They are not identical with the ones obtained by Simon for 
the general case. In particular it will be seen that for 
the common case of q=k=o (or, q’=k'=o) the Clebsch-Gordan 
coefficient requires r=l (or r=l') whilst the first W 
coefficient requires L=q' (or q).
24. Theoretical Asymmetries from Intermediate T+  ^States.
It is required to find the asymmetry in the angular
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12 12distribution of the pair of reactions C (d,d)C (d,p) 
symbolically represented by T°( 1 )-^T^(2) T°(3)« The
first part will be treated using the final expressions 
of the previous sections, and the second by use of Simon 
3*2. It will be assumed that T°(2)>> T^(2) and is given 
by (fc+fh)*(fc+fh).
T°(l)-*- T.q (2) o k
0
From it follows that no contribution to C2)
can come from the 2 level, which is formed by s-wave protons. 
We will therefore consider reactions going through the 1+ 
level at its resonant energy, taken as 940 kev for incedent 
deuterons, and specialise accordingly:
+2
With
75 2/V6 i'(toO S20 + T4OOÖ S22/ (fo+fh) + conjugate complexj
Sn , = ( -1 )  e x p ( ^ 1+0a l  + J* +
= 0.138, ^ = 1.02, and using the results of Kashy et al.19^0,
p  =29 kev, H= 110 kev, the matrix elements become
20 ' 1~ ' V2-/'o exp(l.57.i)
11(50 + Yg/Y^)
29 1 ^ / ^
55(50 + Y^/Y^)
exp(3*08i)
It is now obvious that the contribution is insignificant 
compared to S ^ therefore,
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0 .4   ^ Y /V  r •)
T ;,(2 )  -  --------------§ U fc + fh )  e x p ( l .5 7 i)  + (fc+ fh )* ex p (-1 .5 7 i)>
-  (50  + Y2/ ^ )  L
U sing B la t t  and B ie d en h a rn ’s e q u a tio n s  7« 5 and 7*6 
fc  = -Z cosec ^(-g’O) e x p £  - 2 i  In  sin(-g>6 ')J
= - 1 0 .2 6 ^  e x p ( - 0 .5 7 i ) ,
1  2 .
and fh  = ijf'*2 (21+ 1)~ e x p ( 2 i i ^ ) £ l-eaqp* (2 i^  Y ^O ö ),
in  which th e  c o n t r ib u t io n  from  1 >  2 v/as found to  he v e ry  sm a ll, 
g iv in g
fh  = -g  Jr|"  °*°7 + i  e x p ( l .8 9 i ) ^  .
C onsequently
^+2 ^  ^  ” ( fc*~ + fh * ) fn  + fn * ( fc  + fh )
T° ( 2 ) (fo *  + f h * ) ( f c  + fh )
= Tn/Y____________2:... O ,
(50 + "4 /Y o)
th e  maximum v a lu e  b e in g  ap p ro x im a te ly  O.Jfe f o r  
T^(2) — T ° (5 ) .
In  t h i s  a n a ly s is  i t  w i l l  be assumed th a t  th e  s p in  in  
th e  channel ( C ^  + p) i s  u n i ty  o n ly , in  acco rdance  w ith  th e  
r e s u l t s  o f C hap ter Three (see  ap p end ix  5»1)«
Three c a se s  a r i s e ,  nam ely, ( l^  = 1^ = 0 ) ,  ( l^  = 0 ,1  = 2)
and ( l^  = 1^ = 2 ) ,  in  each  case  1^ = 1^ = 1. On e v a lu a tin g
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th e  c o e f f i c i e n t s  we g e t
Tg(2)-» T°(3)
T °(2 )-*  T °(3)
= 0.672 -  0 .016 y2/ t0
Combining t h i s  w ith  th e  p re v io u s  r e s u l t  we s t i l l  have a
5 . D isc u ss io n
The e x p e rim en ta l and th e o r e t i c a l  r e s u l t s  o b ta in ed  a re
o b v io u s ly  in  acco rd  w ith in  th e  e r r o r s ,  and i t  i s  u n fo r tu n a te
th a t  th e  p r e s e n t  ex p erim en ts  could  n o t be co n tin u ed  to  th e
p o in t  o f  p la c in g  an u p p er l i m i t  on th e  r a t i o  Y2/Y q * I f ,
how ever, e q u a tio n  (4./.) i s  s p e c ia l iz e d  to  th e  case  of
T ° (1)~ > T ° ( 2 ) , the maximum r a t i o  o f  d - to  s-wave c o n t r ib u t io n  o o
2 2i s  found to  be about /6 0 Yq. From th e  r e s u l t s  o f Kashy 
e t  a l .  i t  ap p ea rs  th a t  th e  p re v io u s ly  o b ta in e d  r a t i o  o f 
Y2/Yc3^9 can n o t be a llo w ed . Dr. R is s e r  h as  p r iv a t e ly  
ex p ressed  th e  o p in io n  th a t  a  10fo m ix ing  o f d-w aves would 
p ro b ab ly  n o t have been  observed ,w e m ight th e r e f o r e  l i m i t  
Y2/T 0 to  ^  3 on t h i s  b a s i s .
The p ro p e r  approach  to  t e s t i n g  t h i s  l i m i t  by th e  p r e s e n t
maximum asymmetry f o r  Y2/Y ^ ^ 7 >  i t s  v a lu e  th e n  b e in g  
a p p ro x im a te ly  O .5°Jo,
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method, ap p ea rs  to  r e s t  on th e  p r o p o r t i o n a l i t y  o f T ^ ^T ^  + ^0J 
2 2to  D ^ ,  th e re fo re  to  s in  -6, 6- b e in g  th e  s c a t t e r in g  a n g le .
S ince  th e  measured q u a n t i t i e s  L, R e t c .  a re  p ro p o r t io n a l
to  th e  squ are  o f th e  coulomb term  w h i ls t  th e  d e riv e d  
2
T+2 v a lu e  i s  p ro p o r t io n a l  to  th e  f i r s t  pow er, i t  i s  o f  no 
a v a i l  to  in c re a s e  th e  coulomb term  ( e .g .  by re d u c in g  -0) in  
th e  hope o f o b ta in in g  b e t t e r  s t a t i s t i c s .  On th e  c o n tra ry ,  
one sho u ld  t r y  to  f in d  th e  an g le  n e a r e s t  to  9^° c o n s is te n t  
w ith  th e  req u ire m en ts  o f re a so n a b le  y ie ld  from  th e  second 
r e a c t io n ,  and o f ’• i n s i g n i f i c a n t ” p u re  n u c le a r  c o n t r ib u t io n .  
The v a lu e  of & = 3^° u sed  h e re  i s  n o t n e c e s s a r i ly  th e  b e s t  
c h o ic e , r a th e r  i t  i s  th o u g h t to  be a  s a fe  one.
These experim en ts  would be d i f f i c u l t  to  perfo rm  w ith  
s u f f i c i e n t  accu racy  b u t sho u ld  t h i s  p rove p o s s ib le ,  th e  
r e s u l t s  would c e r t a in l y  g iv e  a  more d e f i n i t e  e s tim a te  
th a n  o b ta in a b le  as  d e s c r ib e d  above, from s in g le  s c a t t e r in g  
e x p e rim e n ts .
y /
r i  Q u t $ A.i.
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APPENDIX 2.1
Figure A.1 shows the path of a particle entering the 
scattering chamber at N, striking the target at 0, being 
scattered to a point P on the analysing foil (centre 0^) and 
from there to a point Q on the detector (centre 0^). We 
wish to derive an expression for the relative numbers,
N(a) and N(n - cl), of particles being detected at mean 
angles 0 0^ 0^ equal to a and k  - a respectively when the 
cross-sections for both scattering processes may be angle 
dependant.
We first specify the positions of 0, P and Q by
0 = (0, 0 , 0)
P = (r1 cos^l,r1 sin Ö-, C)
Q, = (d cos a + r^ cos &  sin a, r^ sin , C + d sin a
- r^ cos ^2 cos a)
Then
K(a)
2% f f , r p /pÄj \ cos(0,0,PQ)r2d r2 d*1 |r1dr1-f2(0PQ) k’\2
X f ^tqp) sec(01OP)cos(O^OP) 
1 (OP)2
Where cos(O^O^PQ) and cos(O^OP) are solid angle factors and 
sec(O^OP) is the target thickness effect. The other
quantities are given by,
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(OP)2 = C2 +
cos (NOP) = c sin ß + r1 cospcos^ = c sinß[l+ ^cotßcosfrj
® ~7^J)
(PQ)2 = d2 + + rjl - 2dr1cosa cos61 - 2v  ^ 2 (s in Q ^ sir& 2
+ cose^ cosO-^sin a)
/ Ncos(01,09,PQ) = d - r1 cos a cos 0-
w ~
cos(OPQ) [c(d sin a - r2 cosacoSe 2)+ dz^ cosa cos^
2 / . ^ . r, + cose, cose sin a)].
-  r 1 + r ^ r 2 (s in e ^  s m ^  1 2 J
We now write f (e) in tlie form F (cose)
PnV a cosPe, np
p=o
and expand out in terms of 11112 to second order terms
c,d
noting that c = 10", d = 4M , a~b = 0.5", and putting,
= ^ > 4 =  D - a =
o 1 o 2 o c o
Then the following expression results ..•
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^2 ,, ^ 
H(a)  = n > a .  s i n qa
d2 4 1p 2q
pq o o
2% AJ  d.e^ j  x ^ d x s in P ß J ^ l+ p ^ c o tß c o s ^
+ -g-p(p-l)^^ c o t2 ß co s2e^ + ------  J
x £ l  + ^-*1 cosß  cose-^ + q coto  Xj sinO^ + (3+q)^cosO -cos^^ j
(  x? 2 ^  2
+ ( -q  c o ta  cosQ. 1 c o se  s in e  - (3 + q )c o s  a  1 cos e
V D 1 1 2 '
D
X? -v2+ q(3+q.) c o ta  co sa  _J_ co se  s i n e  -(1+p. + q ) ^  + ^ ( q_ i )  Co ta
D 1 1 2 2* 2 XU 7
2 2 X . s in  e  x 1 1
»2 x  ’ 2
+ |< q - D  c o t2a . i . i  “ 2 -  q-p si4  + A-(3+q)(5+ci)cos2a__icos2e l
-  t (3 + q )
2 a 2x .  1A1 +
— ]
A2
"  '"^2 ■£. “ 1p“2qD pq
a s i n p ß s i n qa  f  d e i f x  .
 1 1 o o
x £jl + jp -^co tßcose^  + (2+q) ~ ~  PC^ cose^ + q c o t e , s i n e ^
+ ^ p (2 + q )c o tß  "p"~-  «xf cos^e^ + pq c o tß c o ta  cote,, s ine^
+ a p ( p - l ) c o t 2 ß xjj c o s 2e^ + q (q+2)p0t; ^  cose^ s ine^
2
+ i( 3 + q ) 2 — 7“^  2<j c o s2e^ -  i(2+p+q)*fj + lh ( q - l )  c o t2a ^ s i n 2e^ 
+ g<l(<l-l)oot2a  ^2  -  b^ x2 -  i ( ^ ) ^  -  i ( 3 +q ) ^ } +
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On carrying out the integrations and rearranging the terms 
one obtains
4
N(a) = ^ ' ~ 2  ^  ai a2 s;i-n^ ßsinM’a l"1+ f 4T(2+q)cotßcosaj” 
D pq P li L~
£
+ ^p(p-l)cot2ßA2 + “ (5+cl)2cos‘:'a “  - 4-(2+P+
+ -^(q-^cot^aA2 + ^ q(q-1 )cot2aA2 + |q.(q-1 )cot2a ~  
2 2 2^
- iq coseca ~  - i(5+q)ij~ - i(3+<l)^rj + --- J  >
which can be written in the form
N(a) = P (&)+ A2|*P^(a)+ G^(a)J + Terms of order A^ = O(^)
H(n-a) = Pc(a)+ &? I P2(a) - O^a)] + o(a5)
So that
N(a)N(V-aJ 2 G2 ^  A2 + 0(A5) Po(a)
2
2 . sin^ßsin^ct.ip(2+q)cotßcosCi
+ o (a 5).Z a, sin^ßsin^apq 1p 2q H
, _ A2 /  a. psinPß Z  (a+2)sinCia■gcotßcosa— ^ p  1p" ' q 2q + 0(A5)
2 a H sin^ß Z a_ sin^a P 1p H 2q
If the anisotropy of the elastic scattering is assumed to 
be small we can put a. = 0 for q ^ 0, then
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N(g)
nX'k- cl) 1 + r p  cosOcotß
Z a 1p W ß )  + 0(a3}
I a i p s i n  ß
, a2 „ d 1 + a co s a  ~
ir dP
j j L n ^ a ^ s i n P ß^| + 0(A5 )
P
The average f i r s t  s c a t t e r i n g  a n g l e  i s  g iven  by
21 21 ^  x  =  2 + ß  = it- (2 -  ß) = 'Tc-NOCh =z % — NOP.
There fore  t he  s c a t t e r i n g  c r o s s  s e c t i o n  f o r  the  average
s c a t t e r i n g  ang l e  i s
f^(NOP) = 2 ' a 1? cosP (N0P) =^>(-1 )p a 1p cos ik  = ^ a ^ s i n P ß. 
P P P
There fo re
N(cl) = 1 + Ac c o sa  d f  lna„(a:)7  + O(A^)
N('K-a) D dx 1
I f  we now p u t a  = 45° and. u se  th e  r e s u l t s  o f P h i l l i p s
1 d a i .to  e s tim a te  th e  maximum v a lu e  o f—  t t -, i-n energy  range
(J ^  ci^ C
o f i n t e r e s t  we g e t
N(a)  = 1 + 0 . 2 5 » O.707 . 0 .022
N (^-a) 4
The e r r o r  in tro d u c e d  i s  th u s  o f th e  o rd e r  o f  1 fo in  th e  w o rst c a se .
/
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APPIfliDIX 5.1
Since the deuteron widths used in section 2 were 
calculated, results of deuteron scattering measurements 
have been reported by Kashy et al. (i960). These lead 
to values of d at the 1+ and 2 levels of 29 kev and 79 kev 
respectively. Using these values the corresponding orbital 
singular momenta are restricted to 1 or 0 in both cases.
The assignments given are not affected by this. But it 
is worth noting that a 1+ level at 0.94 MeV. should now 
be formed almost entirely by s-wave deuterons (Table 3*1)» 
This is in conflict with the present observations of a 
term in the differential polarizations (section 3)»
A further conflict arises from the requirement of Kashy 
et al. that (dp) processes at the 1+ level go exclusively 
through outgoing channel spin zero. We agree in assigning 
predominantly outgoing channel spin zero for (d,p) process 
through the 2 level. The existence of large polarizations 
therefore requires a high proportion of outgoing channel
spin one for the lower level
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THE Li7(r.p)He6 REACTION FROM THRESHOLD TO 52 MeV.
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chapter five
EXPERIMENTAL WORK OH THE Li7(r.n)He6 REACTION 
1. Introduction
The Li (Y,p)He'" reaction has received a great deal of 
attention from various groups of workers since it was first 
reported by Becker et al. (1947)* In particular, no less
than four measurements of the activation curve have been 
reported. The results of these are compared in Figure 1.
Since He^ decays by emitting electrons with a maximum energy 
of about 3*5 MeV. and has a half life of about 0.83 seconds 
(Strominger et al. 1958) there are two convenient approaches 
to the measurement of the activation curve; either one studies 
the yield of primary reactions produced, or measures the 
ß-activity produced. Both of these methods are represented.
Curve A shov/s the results of Titterton and Brinkley (1953) 
who exposed nuclear plates to the bremsStrahlung radiation 
from a 24 MeV. synchrotron and deduced the energy of the quantum 
involved in each observed event from the ranges of the products. 
Curve C, due to Katz et al. and reported by Titterton (1954), 
shows essentially the same form, a single peak at about 15 MeV, 
but falls off less rapidly than Curve A with increasing energy. 
These results were obtained by observing the intensity of He 
activity as a function of peak betatron energy. The rather 
large difference in peak width could possibly be explained in
Figure 5*1
A comparison of results of previous measurements of
n
the Li'(Y,p) activation curve.
Curve A Titterton and Brinkly (1955)
Curve B Tucker and G-regg (1955)
Curve C. Katz et al. (see Titterton 1954)
Curve D Rubin and Walter (1954)
Curves A and C are normalized to bring them into 
coincidence at the peak. The scale actually
corresponds to millibarns for Curve D.
(M
tV
)
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term s o f th e  d i f f e r e n t  m ethods o f m easurem ent. The p h o to g ra p h ic  
method in v o lv e s  th e  d e te rm in a tio n  of th e  number o f ev e n ts  
co rre sp o n d in g  to  th e  Y ra y  energy  g iv e n  by
E^  = Err 6 + E + 10.1 MeV.T He p
On th e  low energy  s id e  t h i s  assignm en t i s  d i f f i c u l t  to  make and 
one would n o t expec t to  be a b le  to  see  th e  sh a rp  r i s e  found by 
Katz e t  a l .  On th e  h ig h  en erg y  s id e  th e re  i s  some ev idence
/r
( T i t t e r t o n  1954) th a t  th e  f i r s t  e x c i te d  s t a t e  o f He , a t
1.7 MeV. decays by gamma r a d i a t i o n .  I f  t h i s  i s  so , too  low an
energy  would have been a t t r i b u t e d  to  some o f th e  ev e n ts  ob serv ed .
On th e  o th e r  hand Curve D was a ls o  o b ta in e d  (Rubin and 
W a lte r  1954) u s in g  th e  a c t iv a t io n  m ethod. The d isc re p a n c y  
betw een t h i s  curve and cu rve  C can th u s  on ly  be due to  e r r o r s  
o f m easurem ent, o r i n t e r p r e t a t i o n .  No in d ic a t io n  o f  th e  
u n c e r t a in ty  in  e i t h e r  o f th e  cu rv es  i s  a v a i la b le  so t h a t  bo th  
must be t r e a te d  w ith  c o n s id e ra b le  r e s e r v e .
Curve B i s  in  c o n f l i c t  w ith  a l l  o f th e  p re v io u s  r e s u l t s .
I t  was o b ta in ed  by Tucker and Gregg (1953) u s in g  th e  a c t iv a t io n  
m ethod. The a u th o rs  have s in c e  in d ic a te d  ( T i t t e r t o n  1954) 
however t h a t  t h e i r  m o n ito rin g  was a t  f a u l t  and t h a t  a  r e p e t i t i o n  
o f th e  experim en t gave a re so n an ce  peak a t  abou t 17 MeV.
A s im i la r  s i t u a t io n  to  t h i s  ap p ea rs  to  e x i s t  in  re g a rd  to
n
th e  L i (Y ,n) r e a c t io n ,  where th e  r e s u l t s  o f Rybka, and K atz 
( 1958) and o f F a s t e t  a l .  ( i 960) a re  in  c o n f l i c t  w ith  th e
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narrow double resonance found by Heinrich and Rubin (1955) 
and by Romanowski and Voelker (1959)* However, a possible
explanation of this difference has been given by Spicer et 
al. (1960).
Obviously further work is required on the former 
reaction to resolve the present conflict. Comparison of 
existing (y ,p ) and (Y,n) cross sections with the dipole 
sum rule suggests that a re-determination of the absolute 
integrated cross section for the (Y>p) reaction is also 
necessary.
The experiments to be described here were performed 
using the activation method, with the bremsStrahlung beam 
from the Canberra 53 MeV. synchrotron. Particular attention 
was paid to achieving good eclipsing geometry in the monitoring 
system since it is known that the position of the bremsStrahlung 
beam axis is a function of peak energy A method was devised 
for propagating errors in the yield curve through the 
reduction to the form of an integrated cross section curve, 
and these errors were carried through to the activation curve 
by a standard least squares process.
Some of the difficulties associated with the determination 
of absolute cross sections were overcome by making comparisons 
with the activity from Cu ''(Y^n) reactions produced in a block
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o f  p o ly u re th a n e  foam im pregnated  w ith  copper d u s t and hav ing  
th e  same d im ensions and d e n s i ty  as  th e  l i th iu m  sam ple.
2 . E xperim en tal T echniques
The te c h n iq u e s  employed can  be d iv id e d  in to  th o se  used
c
f o r :  (a )  p ro d u c tio n  d e te c t io n  and c o u n tin g  o f th e  He a c t i v i t y ;  
(b ) m o n ito rin g  th e  in te g r a te d  dose re c e iv e d  by th e  l i th iu m  
sam ple; and (c ) d e te rm in a tio n  o f th e  a b s o lu te  in te g r a te d  
c ro s s  s e c t io n  a t  J O  MeV. They w i l l  be d e s c r ib e d  in  th a t  o rd e r , 
(a )  The He° A c t iv i ty
A l i th iu m  t a r g e t  was p re p a re d  by e l e c t r i c a l  h e a t in g  of 
com m ercial l i th iu m  p ie c e s  in  a  carbon  c ru c ib le  in  vacuo.
The r e s u l t a n t  b lock  was m achined, u n d er k e ro se n e , to  have 
dim ensions J . Q  cm. by J . Q  cm by 1 . J  cm, and was th e n  s e a le d  in  
a  10 m icron th ic k  p o ly s ty re n e  s h e a th . One o f th e  r e c ta n g u la r  
s id e s  o f th e  carbon  c ru c ib le  was l e f t  a d h e rin g  f irm ly  to  th e  
l i th iu m  and was used to  mount th e  b lo ck  on a  p o ly s ty re n e  ro d . 
The rod was th e n  s e t  v e r t i c a l l y  in  an a d ju s ta b le  p la tfo rm  so 
th a t  th e  two v e r t i c a l  r e c ta n g u la r  fa c e s  o f  th e  b lock  were 
exposed a t  r i g h t  a n g le s  to  th e  b re m ss tra h lu n g  beam a x i s ,  
about one m etre  from th e  sy n c h ro tro n  t a r g e t .  As shown in  
f ig u r e  2 , two d e te c to r s  were u se d , th e se  w ere s i tu a te d  
about from th e  sq u are  fa c e s  o f th e  l i th iu m  b lo c k . The 
d e te c to r s  c o n s is te d  o f p l a s t i c  phosphors coupled  to  Hu Mont 
6292 p h o to m u lt ip l ie r s .  The whole d e te c to r  u n i t  was sh ie ld e d
Fi,?ure 5.2
A schematic diagram of the disposition of lithium 
sample, monitors, detectors, and collimators with 
respect to the bremsstrahlung beam.
O N  O
Figure 5«i
Block diagram of the electrical circuits used for 
timing, gating, counting and calibrating, with
typical wave-forms
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from  d i r e c t  i r r a d i a t i o n ,  to  red u ce  b u i ld  up o f background 
a c t i v i t i e s ,  by means o f a  15 cm. th ic k  le a d  c o l l im a to r  w ith  
a  r e c ta n g u la r  a p e r tu re  5*2 cm. h ig h  and 1 .2  cm w ide.
In  o rd e r  to  p re v e n t g a in  changes due to  th e  f r in g in g  
f i e l d  o f th e  sy n c h ro tro n  magnet th e  p h o to m u lt ip l ie r s  were 
housed in  s o f t  i r o n  c y l in d e r s .  Aluminium f o i l s  a c ro s s  
th e  ends o f th e s e ,  and c o v e rin g  th e  p h o sp h o rs , se rv ed  as  
l i g h t  s e a l s .  P re lim in a ry  ex p erim en ts  u s in g  sodium io d id e  
c r y s t a l s  and a  gamma ra y  so u rce  showed no v a r i a t i o n  o f g a in  
as th e  m agnet was cy c led  betw een z e ro  and maximum e x c i t a t io n .
A b lo ck  diagram  of th e  e l e c t r i c a l  c i r c u i t s  u sed  f o r  
tim in g , g a t in g ,  c o u n tin g  and c a l ib r a t i n g  i s  shown in  f ig u r e  5> 
to g e th e r  w ith  ty p ic a l  wave form s. B a s ic a l ly  the  system  was 
c o n t ro l le d  by two Sigma 22 RJCC-1000 G/SIL r e la y s  d r iv e n  from  
a  tim in g  c i r c u i t  c o n s is t in g  of a  s c a le r  and 400 c ,S e c . p u ls e  
g e n e ra to r .
The p u ls e  g e n e ra to r  was made to  feed  th e  s c a le r  c o n tin u o u s ly  
ans s ig n a ls  d e riv e d  from  th e  s c a le r  o p e ra te d  th e  f i r s t  r e l a y  
so t h a t  th e  sy n c h ro tro n  in j e c t i o n  t r i g g e r  c i r c u i t  was com pleted  
f o r  o n ly  0 .4  o f  th e  c y c le  p e r io d . D uring  t h i s  tim e th e  
n e g a t iv e  g a te  v o lta g e  was a p p lie d  to  th e  p h o to m u lt ip l ie r  
s h ie ld s  ( F a r i n e l l i  and Malvano 1958) and o u tp u ts  from th e  
ca thode  fo llo w e rs  were e a r th e d . F o r th e  r e s t  o f th e  c y c le ,  
p u ls e s  from  th e  d e te c to r s  were a m p lif ie d  and th o se  ex ceed in g  
a  v o lta g e  c o rre sp o n d in g  to  0 .75  MeV. were p a sse d  to  a tim e -
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to-amplitude converter of the type described by Draper and 
Alston (1959)*
The converter sweep was triggered before the start of 
each counting period by the second relay. Time sorting was 
achieved by feeding the converter output into five scalers 
connected in parallel. Each scaler was preceded by a 
Schmidt discriminator. Since the converter output pulse 
height was proportional to the sweep height at any time, it 
was thus possible by setting the discriminators at different 
voltage levels to make each scaler count during a different 
fraction of the total sweep time.
The levels chosen corresponded to intervals of about 
O.35 seconds, so that by subtracting successive scaler readings 
the yield in each O.35 second period, integrated over a large 
number of cycles, was obtained. The fifth scaler (with 
highest discriminator bias) was actually set to count for 
only a few milliseconds. This served to collect pick-up 
pulses, produced each time the synchrotron injection trigger 
circuit was made, and also to give warning of any unusual 
drift in the timing. In order to allow for such variations 
in the time and gain measurements a number of continuous as 
well as occasional checks were made.
A continual check on the timing stability was made by 
using the photomultiplier gating voltage to operate a Hewlett-
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Packard. 522B e l e c t r o n i c  c o u n te r  on w hich th e  co u n tin g  
p e r io d  was d isp la y e d  in  m il l i s e c o n d s .  A lso , a t  th e  
b e g in n in g  and end o f each s e t  o f i r r a d i a t i o n s  1000 c /s e c  
p u ls e s  from th e  H ew le tt-P ack ard  c o u n te r  were s u b s t i tu t e d  
f o r  th e  d e te c to r  o u tp u t to  g iv e  an a c c u ra te  v a lu e  o f th e  
c o u n tin g  tim e a s s o c ia te d  w ith  each  s c a le r  and to  check 
th e  s t a b i l i t y  o f th e  t im e - to -a m p litu d e  c o n v e r te r  and 
d is c r im in a to r  l e v e l s .  Time j i t t e r  o f  5 m il l i s e c o n d s ,  
and d r i f t s  o f up to  10 m ill i s e c o n d s  p e r  hou r in  th e se  
co u n tin g  system s were found. They were a llow ed  f o r  by 
a v e ra g in g  th e  th r e e  tim e c a l ib r a t i o n s  made b e fo re  and 
a f t e r  each  ru n . The tim e c a l i b r a t i o n  was a ls o  checked 
by s u b s t i t u t i n g  a C o ^  sou rce  f o r  th e  l i th iu m  t a r g e t .  The 
v a lu e s  found in  t h i s  v/ay were in d i s t in g u is h a b le  from th o se  
o b ta in ed  u s in g  th e  1000 c / s e c .  p u ls e s .
About 200 co u n ts  p e r  c y c le  were o b ta in ed  a t  ^0  MeV.
s
and th e  c y c le  was re p e a te d  to  g iv e  a  t o t a l  o f abou t 10 
co u n ts  in  each  ru n . The h ig h  en erg y  ru n s  th u s  took  a 
l i t t l e  over te n  m inu tes w h ile  a t  th e  lo w est e n e rg ie s  about 
100 m inute ru n s  were made.
In  o rd e r  to  d e term ine  th e  f r a c t i o n  o f th e  b e ta  spectrum  
a cc ep ted  th e  p u ls e s  from th e  b e ta  d e te c to r s  v/ere d e lay ed ^ to  
b r in g  them in to  co in c id e n c e  w ith  a  s ig n a l  o b ta in e d  whenever 
a  p u ls e  ap p ea red  a t  th e  o u tp u t o f th e  c o n v e r te r ,  and reco rd ed
F ig u re  5 .4
He decay  cu rv e . The p o in ts  r e p r e s e n t  raw 
e x p e rim en ta l d a ta  and may be f i t t e d  to  an 
0 .83  second h a l f  l i f e  ( in d ic a te d  by th e  s o l id  
l i n e )  by s u b t r a c t in g  a  c o n s ta n t background o f 
Gfo o f  th e  i n i t i a l  coun t r a t e .
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on a  100 channe l H u tc h in so n -S c a rro t p u ls e  h e ig h t a n a ly s e r .
The o u tp u ts  of th e  two p h o to m u lt ip l ie r s  were checked 
s e p a r a te ly  and th e  r e s u l t s  o b ta in ed  t r e a t e d  as  d e s c r ib e d  in  
th e  n e x t c h a p te r .
In  o rd e r  to  en su re  t h a t  c o u n ts  re c o rd e d  v/ere due on ly  
to  He^ o r to  a c t i v i t i e s  w ith  h a l f  l i v e s  much lo n g e r  th a n  one 
second, th e  o u tp u t from  th e  c o n v e r te r  was fed  in to  th e  100 
channel p u ls e  h e ig h t a n a ly s e r  and th e  decay curve shown in  
f ig u r e  4 re c o rd e d . The p o in t s  in  t h i s  f ig u r e  r e p re s e n t  raw 
ex p e rim en ta l d a ta  and may be f i t t e d  to  an 0 .8 5  second h a l f  l i f e  
( in d ic a te d  by th e  s o l id  l i n e )  by s u b t r a c t in g  a  c o n s ta n t 
background o f &fo o f  th e  i n i t i a l  coun t r a t e .  There i s  no 
in d ic a t io n  o f com peting a c t i v i t i e s  o f com parable h a l f  l i f e .
T hat th e re  was no a p p re c ia b le  c o n t r ib u t io n  from th e  0 .8  
second L i a c t i v i t y  t h a t  co u ld  a r i s e  from th e  L i (n ,y )L i 
r e a c t io n  was d e term ined  by lo o k in g  f o r  b e ta  p a r t i c l e s  w ith  
energy  g r e a t e r  th a n  4 MeV. T his was done by r e p la c in g  one 
o f th e  u s u a l  phosphors (1 .5  cm lo n g  by 5*8 cm d ia m e te r)  by 
a  4*25 cm long  phosphor, s u f f i c i e n t  to  s to p  about 10 MeV. 
b e ta  p a r t i c l e s .  The o bserved  count r a t e  above 4 MeV. in  
t h i s  ca se  was n o t s i g n i f i c a n t l y  g r e a te r  th a n  th e  background 
found when th e  l i th iu m  sample was removed. The c o n t r ib u t io n  
o f Li^ e le c t r o n s  to  th e  0 .8  second a c t i v i t y  was e s tim a te d  to  
be l e s s  th a n  one p a r t  p e r  th o u san d .
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(b) Monitoring
Several factors entered into the choice of monitoring 
system for this experiment, and not all of them could be 
satisfied ideally by any of the systems considered. The 
best compromise appeared to be the use of rectangular 
tantalum foils 5*8 cm by 1.5 cm placed in eclipsing geometry 
on either side of the lithium block. The yield curve of 
the T a ^ U(Y,n)Ta^^n reaction is well known (Carver et al.
1959 and Carver, Private Communication) and the 8.15 hour 
half life is not excessively long. The main advantage of
tantalum over copper as a monitor in this context is however
6due to the fact that the He activity is counted in situ, 
and therefore it must be possible to discriminate against 
the monitor activity. In the case of Ta^ ^ 111 with its 
-g- MeV. beta particles this discrimination was easily carried 
out, whereas the positrons from copper have nearly the 
same energy as the He^ electrons and could not be separated 
from them easily.
Two sets of monitors, each consisting of three foils, 
were used in each run. They were placed in tantalum ’'pockets’' 
attached on either side of the lithium block, making their 
position accurately reproducible. The foils were cut from 
rolled sheet 0.15 mm thick, and were selected to give a mass 
variation of less than \°/o.
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To obtain the T a ^ ^ 1 yield the foils were removed at
the end of each run and arranged in a reproducible pattern
on the cover of a J" sodium iodide crystal. The latter
was attached to a J" Du Mont photomultiplier and housed in
a lead and mercury castle. A single channel analyser was
set to accept the 55 kev gamma ray peak and three separate
measurements of the activity were made over a period of
18 Omseveral hours. The amount of Ta 1 present at the end 
of the corresponding irradiation, and hence the relative 
dose received by the sample, was estimated from these 
readings as described in the next chapter.
(c) Absolute Measurements
The value of the Li^(y,p)He^ yield at JO MeV. relative 
to that for the reaction C^(Y,n)Cu^ was obtained by 
replacing the lithium with a similar block of polyurethane 
foam plastic, loaded with finely powdered copper and having 
a. density approximately equal to that of the lithium. The 
foam plastic was made by mixing two components supplied by 
I.C.I. Copper powder added to one of these components 
before mixing became evenly distributed throught the final 
product, which could then be compressed to the required 
density. There was little tendency for the plastic to 
return to its original volume so that with the lapse of a day 
after compression the block could be machined to the required
dimensions.
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Analysis of the decay curve obtained after a 10 minute 
irradiation at J O MeV showed that the activity was mainly due 
to copper with very small contribution from carbon and oxygen.
The copper sample was placed in the same holder as had 
been used for the lithium and its activity counted by the 
same detectors. Four separate determinations of the 
copper activity were made, the fraction of the beta spectrum 
observed being determined as previously described and 
adjusted to be the same as for the He spectrum. Then the 
mass of copper in the block was determined by chemical 
analysis.
The results of Berman and Brown (1954) for the Cu^(y,n)Cu^ 
cross section were used to derive the lithium cross section as 
described in the following chapter.
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CI-IAPTER SIX
RESULTS, ANALYSIS AND DISCUSSION
1. Relative measurements
c
The He activity produced during each run was obtained 
by fitting the reduced scaler readings to a decay curve 
corresponding to an activity with a half life of 0.83 
seconds, superimposed on an unknown constant background, 
using a least squares method. The three tantalum monitor 
counts were similarly fitted to a decay curve for an 
activity with 8.15 hour half life and known background. A 
correction was then made for the decay of the tantalum 
activity during the run, and the lithium count was 
normalized to this value. A second normalization was 
then made to unit bremsstrahlung beam intensity using the 
yield curve for the reaction Ta*^ (Y,n)Ta^Üin (Carver,
private communication). In order to correct for variations
c
in the fraction of the He spectrum observed an arbitrary 
standard spectrum was adopted. The low energy cut off and 
the end point of this spectrum were determined, the latter 
from a logarithmic plot, and the area under this curve found. 
The cut off point was then varied and the ratio of the new 
area to the standard area plotted as a function of the ratio 
of cut off channel number to end point channel number.
The ratio of cut off to end point for each spectrum was then
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found and the corresponding area ratio used as a correction 
factor.
The resultant yield curve for the Li'(y,p)He reaction 
is shown in figure 5? in which the error bars are the standard 
deviations obtained from counting statistics. Most of the 
points on the yield curve represent the average of two 
determinations.
Three forms of the activation curve derived from the 
yield curve are shown in figures 6a and 6b. The smooth 
dashed curve corresponds to that drawn through the yield 
curve points. The latter was obtained by the commonly 
used method of drawing a '’smooth" curve through the points 
and adjusting this arbitrarily until the third differences 
are considered small. The resultant curve is then 
analysed to obtain an integrated cross section curve, which 
may be further smoothed before taking differences to get the 
activation curve. No reliable indication of the errors 
present in the final answer result from this procedure and 
it is possible that information may have been destroyed 
(or added) in the smoothing process, which has a large 
subjective element. To overcome these objections the 
following procedure was adopted.
Twenty-four points were derived from each experimental 
yield point by the addition (or subtraction) of an increment
Fioire 6.1
rj ^
Yield curve for the Li ('f,p)He reaction. The error 
bars are standard deviations obtained from counting 
statistics. Most of the points represent the average 
of two determinations. The curve was drawn "by eye" 
and smoothed to have small third differences.
X
 ie
ld
 
(A
rb
it
ra
ry
 
U
n
it
s)
Figure 6.1
Figures 6»2a and 6.21)
Three forms of the activation curve derived from 
the yield curve of figure 6.1. The smoothed 
dashed curve was obtained from analysis of the 
curve drawn through the points of figure 6.1.
The histograms were derived from the experimental 
points as described in the text. The two points 
in figure 6.2a are taken from Titterton and 
Brinkley (1954)•
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obtained from a table of random normal deviants (Rand 
Corporation 1955) and a constant multiplier proportional 
to the error associated with the point. The yield curves 
built up in this way were then analysed separately, using 
a program developed for the Silliac Computer of Sydney by 
D.W. Lang (unpublished). The resultant set of curves was 
used to obtain average values of the integrated cross 
sections, with estimates of the errors, at half MeV. 
intervals over the range 11.5 to 32*0 IvleV. The large 
relative errors resulting from the use of intervals as 
small as 0.5 MeV. made it desirable to average cross 
sections over larger intervals. The activation curve was 
therefore plotted in the form of a histogram, the values 
in each energy range being calculated from the 0.5 IvleV. 
results by a least squares method. The appearance of the 
final result then depends strongly on the energy intervals 
over which the constant average values of the cross section 
are assumed. Two such results are shown in figures 6a and 
6b, the errors indicated by the dotted portions are for 
relative cross sections. The ordinate scale is subject to 
an error in the determination of the absolute cross section 
at 30 MeV.
2• Absolute Measurements
Four irradiations each v/ere made at 30 MeV. with the 
lithium and the copper loaded plastic samples. The geometries
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in the two cases were nearly identical and the copper was 
in a medium of nearly the same density as the lithium. The 
lithium irradiations were carried out with the beam and 
counting cycled as previously described, but the copper 
was irradiated continuously for ten minutes and the decay 
followed for over an hour. From the decay curves the 
number of active nuclei existing at the end of the 
irradiations was calculated in a similar way to that 
already described. We will call this number n. Both 
sets of irradiations were monitored by effectively identical 
sets of tantalum foils. We now Y/ish to calculate the 
relative yields per atom per unit bremsStrahlung beam
It is assumed that the volumes of the samples and the 
solid angles presented to the counters were identical and 
that the fractions of particles incident on the detector 
which were transmitted to the scintilator were the same in 
both cases. A correction was made for the small difference 
in the self absorbtions of the samples using the result of 
Baker and Katz (1953)•
where p is the absorbtion coefficient and t the thickness of 
the sample. Absorbtion coefficients were obtained from 
formulae given in the "Nuclear Spectroscopy Tables " of
of Li^ to C u ^
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W apstra  e t  a l ,  v iz :
th e  ran g e  o f b e ta  p a r t i c l e s  in  alum inium  i s  g iv e n  in  
gm/cm by
E = 1.85 R(Al) + 0 .2 4 5 ,
th e  h a l f  th ic k n e s s  by
di(Al)  = 0.1 R(Al),
and th e  h a l f  th ic k n e s s  in  a  su b s ta n c e  w ith  n u c le a r  charge  Z
d i ( z )  = d , (A l )  x 118 
2 *  (105 + z)
F in a l ly ,  p = 0 .6 9 5 /d  .
2
In  th e  ca se  o f  th e  copper loaded  p l a s t i c  an average  v a lu e  o f 
Z was o b ta in e d  by t r e a t i n g  th e  p l a s t i c  a s  i f  i t  were p u re  
carbon  and ta lc ing  a  w eigh ted  average o f th e  v a lu e s  o f Z f o r  
copper and p l a s t i c .  W ith t h i s  c o r r e c t io n  and th e  above 
assu m p tio n s th e  co u n tin g  e f f i c i e n c i e s  were th e  same in  
b o th  c a se s  and w i l l  be ig n o red  in  th e  fo llo w in g  tr e a tm e n t.
L e t R be th e  r a t e  o f p ro d u c tio n  o f  r a d io a c t iv e  n u c le i  
due to  th e  beam. Then we assume 
R = YQ,
where
P(EE ) a (E) dE = I  A(E ) .  o o o'
T hrsh.
I  i s  p ro p o r t io n a l  to  th e  dose r a t e ,  P(EEq ) i s  th e  b rem sS trah lu n g  
spectrum  f a c t o r  no rm alized  p e r  e le c t r o n ,  a(E) i s  th e  c ro s s  
s e c t io n  and Q i s  th e  number o f atoms o f th e  t a r g e t  is o to p e
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per unit volume. Thus
R = IqA(Eo)Q = IqA(Eq) MAi/VW.
M being the mass of the target material, A Avagadros number, 
i the isotopic abundance, V the volume of the target material 
and W its atomic weight. For the copper and its monitor 
R is given by the normal formula
R = 1 -  eS e tt*r )
However in the runs with lithium repeated irradiations were 
made on one sample without letting the activity from previous 
irradiations die away completely.
We have then if is the activity at the end of the 
first cycle
\ = R{1 - exp(-ÄTr )}/T
and at the end of the m cycle, each of duration T
Nm
.{
„ -Ale -2ATc 1 + e ' + e v +  —  — + e-mTcAlj*
The total activity derived from the experiment is thus
n  ^ —\Tc^  N = N f n + (n-1 )e 
m=o *■
+ - -}
= N^ n/ £ 1 - exp(-ATc)J ,
and
R = N - exp(-ATc)J Tr/n 1-exp(-ATr)J .
10 0mSimilarly, the rate of production of Ta 1 nuclei in a cycled
irradiation is given by
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R = \ NTc/ £1 - exp(-n^Tc)^ Tr.
When the results of the four copper runs were each paired 
with one of the four lithium runs an average ratio
AIri/ACu = °*0226,
with a root mean square deviation of 10$ resulted. From 
the results of Berman & Brown (1964) we find = 180 hence 
A ^  = 4»07. This gives a value of 14*6 + 3*4 MeV.mb for 
the cross section integrated to 30 MeV. The final error includes 
the errors in the relative yield, in the results of Berman and 
Brown (6$) and in the reduction of the cross sections from the 
yield curve (15$) *
3. Discussion
The difficulty of achieving good resolution in 
bremsStrahlung experiments is well known and the smoothing of 
yield curves has become so much common practice that results 
obtained in this way are often quoted without comment. This 
may be misleading to non-specialists, but there can be no 
real objection to the presentation of such results provided 
the original experimental points, with indication of errors, 
are also given.
It is felt that the histograms of figure 6a and 6b give 
all the information available from the present experiments
n
on the shape of the Li (y ,p ) activation curve. The smoothed 
curve is naturally consistent with these but detailed
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inferences drawn from it regarding the widths or position 
of the resonance peak would he unjustified*. On the other 
hand a double peak as strongly defined as that presented 
by Rubin and Walter would have been expected to show 
itself here.
The integrated cross section as obtained in these 
experiments is far more reliably known than the detailed 
form of the activation curve and it is of interest to 
compare reported experimental results with the dipole sum 
rule of Levinger and Bethe (1950))
(E)dE = 0.06 ~(l + 0.8x), 0^ ^1.
Such a comparison has been made by Fast et al. (i960) using 
a value of 60 LleV.mb. obtained from the results of Rubin 
and Walter for the Li(y,p) cross section integrated to 
$0 MeV.
It was found that the (Y,n) plus (y >p ) results 
filled the sum rule limit with >c approximately 0.6.
However, the results of Fast et al. (i960) on the (Y,n) 
reaction indicate an appreciable cross section above JO 
MeV. This is to be expected on the basis of an estimate 
(Barker 195?) using a sum rule calculation of about 27 MeV. 
for the harmonic mean energy for electric dipole absorbtion,
Wj_ , def ined by
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oo
w -  o g (E )d £
11 OO
E~1a(E)dE
A s im i la r  r e s u l t ,  v iz .  29 MeV*, fo llo w s  i f  one u se s  th e  fo rm u la
1
E 40A"3 + 8 MeV.,
S
derived, ( a c tu a l ly  f o r  c lo se d  s h e l l  n u c le i )  by C arver and P e a s le e  
( i 960 ) f o r  th e  p o s i t io n  o f  th e  g ia n t  re so n a n c e . Thus th e  low 
energy  peaks found in  b o th  (y, p ) and (Y,n) exp erim en ts  sh o u ld  
be b a lan ced  by c ro s s  s e c t io n  a t  h ig h  e n e rg ie s .
F a s t e t  a l .  p ro b a b ly  ov er e s tim a te d  th e  (Y,n) c ro s s  s e c t io n ,  
s in c e  a l l  n e u tro n s  were a c c e p te d , in c lu d in g  th o se  from  p ro c e s se s  
in v o lv in g  em issio n  o f two n e u tro n s . However, m easurem ent o f 
r e s id u a l  He^ a c t i v i t y  g iv e s  o n ly  th e  c ro s s  s e c t io n  f o r  p ro to n
em issio n  to  th e  ground (and  p o s s ib ly  f i r s t  e x c i te d  s t a t e )  o f
c
He and c e r t a i n l y  u n d e re s t im a te s  th e  t o t a l  c ro s s  s e c t io n .  The 
p re s e n t  r e s u l t s  (w hich a re  in  agreem ent w ith  th o se  o f T i t t e r t o n  
and B r in k le y  1956, as  in d ic a te d  in  f ig u r e  6 a ) ,  a re  th e re fo re  
though t to  g iv e  a  b e t t e r  com parison  w ith  th e  sum r u le  l i m i t ,  
g iv in g  room f o r  as much c ro s s  s e c t io n  above 30 MeV. a s  below ,
a s  r e q u ir e d  to  g iv e  the  c o r r e c t  harm onic mean.
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